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A epilepsia do lobo temporal mesial (ELTM) é uma doença neurológica crônica caracterizada 
pelo desenvolvimento de crises epiléticas e por anormalidades histopatológicas nas estruturas 
mediais do lobo temporal, principalmente a esclerose hipocampal (EH). O perfil de expressão 
gênica de tecido específico fornece informações biológicas relevantes sobre mecanismos 
moleculares potencialmente envolvidos em fenômenos biológicos complexos. Recentemente, 
devido à heterogeneidade da expressão gênica em diferentes subconjuntos de células, fica mais 
claro o quanto é importante a delimitação de regiões especificas, especialmente no sistema 
nervoso central. Utilizamos a técnica de RNAseq para determinar o perfil de expressão gênica 
no giro denteado (GD) do hipocampo e Cornu Ammonis 3 (CA3) em um modelo animal de 
epilepsia do lobo temporal induzido por pilocarpina. O sequenciamento de alto rendimento do 
RNA foi realizado a partir do tecido microdissecado do hipocampo, região dorsal e ventral do 
GD e CA3, assim como a intermediária de CA3, no modelo de pilocarpina em ratos Wistar. 
Avaliamos o perfil de expressão gênica e os processos biológicos enriquecidos a partir dos 
genes diferencialmente expressos. Os resultados indicam a presença de muitos genes regulados 
diferencialmente, dos quais, alguns foram específicos para cada sub-região do hipocampo nos 
ratos tratados com pilocarpina. No entanto, identificamos alguns importantes processos 
biológicos de sinalização que foram enriquecidos em todas os grupos celulares estudados e nas 
áreas examinadas, como, inflamação, navegação axonal, atividade neuronal e função sináptica. 
Os resultados apresentados destacam a importância da análise de alto rendimento do 
transcriptoma no estudo de doenças complexas, como a epilepsia, e a vantagem de obter áreas 
delimitadas de tecido para analisar plenamente a grande heterogeneidade biológica de 






Mesial temporal lobe epilepsy (MTLE) is a chronic neurological disorder characterized by the 
development of seizures and by histopathological abnormalities in the mesial temporal lobe 
structures, mainly hippocampal sclerosis (HS). It is well known that gene expression profile of 
specific tissue provides relevant biological information about molecular mechanisms 
potentially involved in complex biological phenomena. Recently, it has been recognized that 
due to the marked heterogeneity of gene expression in a different subset of cells, it is important 
to take sub-regional specificities when studying gene expression, especially in the central 
nervous system. We used RNA sequencing analysis to determine the profile of gene expression 
in the hippocampus dentate gyrus (DG) and Cornu Ammonis 3 (CA3) in an animal model of 
mesial temporal lobe epilepsy induced by pilocarpine. The high-throughput RNA sequencing 
was performed in tissue obtained from the dorsal and ventral DG and CA3, as well as the 
intermediate CA3, by laser-microdissection in Wistar rats. We evaluated the gene expression 
profile and the enriched signaling biological processes. Our results indicate that there were 
many differentially regulated genes, some of which were specific to each sub-regions of the 
hippocampus in the pilocarpine rats. However, we identified some major signaling biological 
processes that were enriched in all layers and areas examined, such as inflammation, axonal 
guidance, neuronal activity and synaptic function. The data presented highlights the importance 
of high-throughput transcriptome analysis in the study of complex disorders such as epilepsy, 
and the advantage of obtaining tissue from delimitated areas to fully appreciate the large 
biological heterogeneity of different cell populations within the central nervous system. Our 
results suggest a predominance of the dorsal region in the neuronal electrical activity and axonal 
guidance. Furthermore, we identified an interaction among several molecular components 
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A característica comum a todas as síndromes epilépticas é a ocorrência de crises 
epilépticas, as quais são causadas por descargas neuronais anormais excessivas que ocorrem de 
forma passageira, sincrônica e desorganizada das células nervosas, resultantes da 
movimentação iônica através da membrana neuronal, levando a manifestações clínicas 
dependentes da região (ou regiões) do sistema nervoso central (SNC) afetada (s). Devido à 
grande variedade de manifestações clínicas, etiologias, gravidade e prognóstico sugere-se que 
sejam tratadas como um grupo de doenças ou síndromes e não como uma entidade clínica 
homogênea (1). 
Há várias causas para a ocorrência de crises epilépticas, como distúrbios 
metabólicos, traumas cranioencefálicos, estados febris, defeitos genéticos, malformações 
corticais entre outras. As epilepsias apresentam grande prevalência, afetando aproximadamente 
1% da população geral (2), deste total, em torno de 25% dos pacientes não respondem a nenhum 
tipo de terapia e apresentam mortalidade 2 a 3 vezes maior que a população geral (3). Dentre 
as várias síndromes epilépticas, a epilepsia do lobo temporal mesial (ELTM) tem grande 
importância clínica não somente por sua alta prevalência, mas também por ser em uma grande 
proporção de pacientes refratária ao tratamento medicamentoso (4), além de ser a forma mais 
frequente em adultos, representando 30% dos casos (5).  
 
1.1. Neuropatologia da epilepsia de lobo temporal 
A relação entre ELTM-EH e lesões hipocampais vem de longa data. A primeira 
descrição de perda celular em regiões específicas do hipocampo foi de Sommer, em 1880 (6, 




e sintomas clínicos das crises com início no lobo temporal. As primeiras descrições de ELT 
feitas por Hughlings Jackson, em 1889 (8), porém não fizeram correlação entre EH com a ELT. 
Somente em 1935, Stauder [citado por (7)], relacionou claramente a esclerose hipocampal 
diretamente com ELT ao estudar 36 casos e identificou em EH em 33 dos casos analisados. 
Outra importante contribuição na área foi a de Mathern, que no final do século XX, fez uma 
descrição minuciosa da esclerose hipocampal ligada a ELTM (9). Atualmente, as alterações 
anátomo-patológicas podem ser apreciadas “in vivo” com o estabelecimento da correlação entre 
achados neuropatológicos e de imagem por ressonância magnética em pacientes com ELTM 
(10, 11).   
A partir da metade do século passado, essas observações também puderam ser feitas 
em espécimes cirúrgicos de pacientes com ELTM refratária a medicação. O progresso nos 
tratamentos cirúrgicos associados aos avanços das técnicas moleculares tem tornado possível o 
estudo sobre as mudanças moleculares e as alterações eletrofisiológicas da ELTM (12, 13).  
Em relação ao aspecto histopatológico, o achado mais frequente no tecido cirúrgico 
das ELTM é a esclerose hipocampal (EH) (14, 15), a qual, pode ser dividida em três tipos 
segundo a classificação da ILAE (International league against epilepsy). Tipo 1: tipo mais 
comum de esclerose hipocampal, apresenta a região de CA1 (Cornu ammonis 1) mais afetada 
com mais de 80% de perda neuronal. As outras regiões também apresentam perda neuronal 
significante sendo observada perda de 30-50% dos neurônios piramidais de CA2, 30-90% de 
CA3 e 40-90% dos neurônios de CA4. Já o Giro denteado (GD) apresenta cerca de 50-60% de 
perda neuronal (fig. 1). Tipo 2: este tipo apresenta perda neuronal predominante em CA1, 
afetando quase 80% destas células piramidais. Todas as outras regiões apresentam perda celular 
sendo aproximadamente 20% em CA2 e CA3 e 25% em CA4. Este padrão é incomum, sendo 
visto em aproximadamente 5-10% dos casos de ELT cirúrgicos. E por fim a Tipo 3: apresenta 




aproximadamente 35%, enquanto CA3 (<30%), CA2 (25%) e CA1 (20%) são moderadamente 
afetados. Também é uma variável rara e somente é detectado em aproximadamente 4-7% dos 
casos cirúrgicos de ELTM (16, 17).  
 
 
Figura 1 - Achado histopatológico de esclerose hipocampal em pacientes com ELT. (A) 
Hipocampo normal, ausência de perda de células segmentares nas sub-regiões do hipocampo. 
(B) A esclerose hipocampal ILAE tipo 1 mostra perda celular piramidal preferencial nos 
sectores CA4 e CA1. Danos aos setores CA3 e CA2 são mais variáveis, mas frequentemente 
visíveis. Observe também a perda de células variáveis no giro denteado, com perda abundante 
de células granulares no membro interno (em inglês, DGi) nesta amostra, e uma transição com 
preservação de células no subiculum (SUB). Escala = 1000µm [adaptada (17)]. 
 
Um segundo achado patológico que tem sido bem caracterizado em pacientes com 
ELTM é a reorganização axonal das células granulares (mossy fibres sprouting). Acredita-se 
que após um insulto precoce, que ocasione uma perda de células neuronais na região hilar do 
hipocampo, as células sobreviventes e progenitoras granulares formem sinapses aberrantes 
formando um circuito local de retroalimentação excitatório sobre as células do GD e projeções 





assim, contribuindo para a geração de crises crônicas (15, 18). Apesar da detalhada 
caracterização morfológica e funcional das estruturas mesiais (principalmente hipocampo), 
pouco se conhece sobre os insultos que culminariam com as alterações encontradas nessas 
estruturas e que levariam ao substrato patológico que é a esclerose mesial temporal na ELTM. 
1.2. Formação hipocampal 
O hipocampo é uma estrutura do lobo temporal mesial que está criticamente 
envolvida com a formação de memória recente e a navegação espacial. Esta estrutura possui 
uma forma alongada e curva, e está presente em todas as ordens de mamíferos. Apresenta-se 
numa disposição longitudinal subdividida em dorsal (septal) e ventral (temporal) em roedores, 
correspondente aos eixos posterior e anterior, respectivamente, em humanos (19, 20). 
Na literatura ainda não há uma definição anatômica precisa para a porção dorsal (ou 
posterior) do hipocampo relativa a porção ventral (ou anterior), de uma forma geral, 
topograficamente, a porção dorsal está posicionada próximo ao córtex retroesplenial, enquanto 
a porção ventral está posicionada próximo ao complexo amidaloide. Apesar de sua circuitaria 
ser conservada, as porções dorsal e ventral possuem diferentes conexões com as áreas cortical 
e subcortical, O que sugere que o hipocampo não seja uma estrutura funcionalmente uniforme 
ao longo de seus eixos (21). 
Estudos eletrofisiológicos em roedores indicaram respostas a estímulos diferentes 
entre as regiões dorsal e ventral (20, 22). Outros trabalhos demonstraram que lesões restritas a 
porção dorsal do hipocampo, mas não na porção ventral, comprometeram a aprendizagem 
espacial (23). Foi proposto então que a porção ventral seja responsável pela mediação de 
respostas emocionais e relacionadas ao stress, devido as suas 4 conexões com a amigdala e o 
hipotálamo (24, 25). Complementando tais dados, combinando estudos entre genética e 




de padrões de expressão gênica, o que indica uma sobreposição entre os níveis organizacionais 
anatômicos e genéticos ao longo do eixo hipocampal (26, 27). 
Em modelos que reproduzem ELTM, foi demonstrado que ocorre uma atividade 
epileptiforme maior na região ventral do que na região dorsal (28, 29). Já em humanos, registros 
invasivos em pacientes indicaram que o início das crises é mais frequente na porção anterior do 
hipocampo do que na porção posterior (30). E esse mesmo padrão se repete quando se trata de 
perda neuronal, ou seja, essa perda é maior na porção anterior que na porção posterior (31). 
1.3 Modelo de epilepsia do lobo temporal por estimulação consecutiva da via perfurante 
Foi somente em 2010 que Norwood e colaboradores (32) descreveram um novo 
modelo animal de ELTM que não passa por SE e apresentam um dano tecidual mais restrito ao 
hipocampo. O modelo é induzido através de estimulações elétricas restritas e consecutivas na 
via perfurante (cryptic injury, dano oculto). Deste modo não são gerados efeitos motores 
identificados tais com o SE, mas observa-se o mesmo padrão de esclerose hipocampal e crises 
recorrentes semelhantes aos dos pacientes de ELTM (33).  
Primeiramente, um episódio de excitação moderada prolongada (8 horas) precedido 
por dois estímulos diários de 30 minutos, os quais não são capazes de gerar SE, gera um insulto 
não detectado clinicamente (sem ocorrência de SE, durante a estimulação de 8 horas), porém 
levando à esclerose hipocampal clássica. Com detecção de morte de neurônios no giro denteado 
e em praticamente todas as células piramidais do hipocampo, nos neurônios do córtex entorrinal 
e tálamo, e com pouca morte nas células granulares, uma ''zona de resistência'' das células 
piramidais e neurônios do subiculum, semelhante aos dados obtidos em espécimes cirúrgicos 
de pacientes com ELT mesial (32). Além disso, o dano oculto leva a esclerose hipocampal 
clássica que induz descargas epileptiformes espontâneas nas células granulares do hipocampo 




leva os autores a acreditarem ser o primeiro modelo animal que realmente reproduz a patologia 
e a fisiopatologia da ELT mesial humano com esclerose hipocampal clássica (33). 
1.4. Modelo de epilepsia do lobo temporal induzido pela pilocarpina 
Os modelos experimentais de epilepsia têm contribuído para um melhor 
entendimento da fisiopatologia da síndrome, tanto in vitro quanto in vivo. Particularmente, os 
modelos que reproduzem a ELTM humana em roedores apresentam uma epileptogenicidade 
similar à encontrada em tecidos “epilépticos” humanos quando estudados ex vivo. Os modelos 
de ELTM apresentam dados comportamentais, eletroencefalográficos e neuropatológicos, 
principalmente nas regiões límbicas, semelhantes àqueles observados nos pacientes com ELTM 
(34, 35). Porém em sua grande maioria esses modelos são gerados pela utilização de quimio-
convulsivantes (36, 37), que induzem a um status epilepticus, que com o passar do tempo 
podem evoluir a crises epilépticas espontâneas (38), algumas vezes causando mais danos extra-
hipocampais do que no hipocampo propriamente dito (39), resultado este bem diferente do 
encontrado em pacientes com ETLM (40). 
Um modelo amplamente utilizado é o induzido pela pilocarpina, droga extraída do 
Pilocarpus jaborandi, que atua nos receptores colinérgicos muscarínicos como um agonista 
parcial, induzindo uma atividade epiléptica de longa duração seguida de dano cerebral. O estado 
de mal epiléptico (status epilepticus) induzido pela administração sistêmica de pilocarpina (fase 
aguda) foi inicialmente proposto por Turski e colaboradores (36). Posteriormente, Leite e 
colaboradores (41), caracterizaram as fases mais tardias do modelo: fase latente e crônica. A 
fase aguda caracteriza-se, do ponto de vista comportamental e eletroencefalográfico, pelas 
manifestações induzidas, diretamente, pela ação da pilocarpina sobre os receptores 
muscarínicos presentes na região límbica (42). 
Acredita-se, que durante o período latente (também denominada como silenciosa) 




incluem brotamento de fibras musgosas, perda de interneurônios, re-ativação de circuitos 
sinápticos, ativação de células gliais e proliferação de células ectópicas (43, 44). A duração 
desta fase difere dependendo do protocolo usado. Ao administrar pilocarpina em ratos Wistar, 
(doses acima de 300 mg/kg), a fase latente apresenta uma duração de 1 a 6 semanas com 
intervalo médio de 14,8 dias e alguns animais podem apresentar crises epilépticas agudas nos 
primeiros 3 dias após SE pilocarpina, no entanto, durante a fase latente os ratos geralmente 
apresentam comportamento e atividade de eletroencefalograma (EEG)  normal (45).  
Propõem-se, portanto, que essas modificações funcionais podem ser responsáveis 
pelas alterações fisiopatológicas vistas no modelo da pilocarpina. Porém permanecem ainda 
obscuros quais genes e vias de sinalização sejam realmente críticos para a ocorrência de lesões 
do hipocampo que resultam em epileptogênese neste modelo.  
 
1.4. Microdissecção a laser e sequenciamento de alto desempenho 
A preparação de amostras a partir de tecidos sólidos, como o tecido provindo de 
cérebros, costuma ser um desafio, uma vez que estes tecidos são estruturas complexas 
compostas de tipos celulares com morfologia e funções totalmente distintas. Sendo assim, os 
resultados obtidos quando da análise de tecidos totais são determinados pelo tipo de célula 
predominante, podendo assim mascarar mudanças biologicamente relevantes que ocorrem em 
células específicas (46). Métodos manuais de microdissecção existem há anos (47, 48), 
entretanto esses métodos são, em geral, demorados e requerem grande destreza do manipulador, 
além do alto risco de contaminação do material a ser analisado pela própria manipulação 
experimental. Buscando resolver tais dificuldades, foram desenvolvidos métodos de 
microdissecção a laser, o que revolucionaram as análises de tecidos sólidos (46). 
A análise minuciosa do perfil de expressão gênica em células e tecido fornecem 




possível geração de hipóteses sobre os mecanismos subjacentes às condições fisiológicas e 
patológicas em fenômenos biológicos complexos. Por sua vez a utilização da estratégia de 
sequenciamento de alto desempenho em substituição as tradicionais técnicas utilizando 
microarray vem sendo uma tendência pelas vantagens oferecidas tais como: i) menor custo; ii) 
possibilidade de descoberta de transcritos não incluídos no array; iii) a maior sensibilidade para 
transcritos raros e pouco representados no tecido estudado; iv) a possibilidade de identificação 
de variantes de splicing; v) ausência de artefatos de hibridação (49, 50). Dessa maneira, o estudo 
de expressão por sequenciamento de alto desempenho é certamente uma tecnologia que vem 
acrescentar informação podendo levar a identificação e caracterização de vias de sinalização e 
processos biológicas relevantes (51-54)  
Devido a estrutura hipocampal apresentar uma grande heterogeneidade, com 
diferentes populações celulares e padrões de expressão gênica ao longo do eixo dorsal-ventral 
(54, 55), é necessário um isolamento específico das populações de células do hipocampo para 
preservar as informações espaciais e melhorar a especificidade das informações (56).  Sendo o 
GD a porta de entrada do impulso nervoso vindo do córtex entorrinal e por seguinte projeta 
seus axônios diretamente a CA3 constituindo uma das principais circuitarias de entrada do sinal 
elétrico (57), o presente estudo teve por objetivo realizar a análise do transcriptoma em busca 
de genes diferencialmente expressos no grupo de células granulares do giro denteado e das 
células piramidais de CA3 ao longo do eixo dorsal-ventral do hipocampo, com o intuito de 
elucidar os mecanismos da epileptogênese em ratos na fase latente do modelo de epilepsia do 





2.1 Objetivo geral 
Investigar os mecanismos moleculares associados ao período latente pela análise de 
expressão gênica por sequenciamento de RNA em modelos animais de epilepsia de lobo 
temporal mesial (ELTM). 
 
2.2 Objetivos específicos de cada artigo: 
Artigo I: 
 Verificar o perfil de expressão gênica das sub-regiões do Giro Denteado do hipocampo 
de rato do modelo de estimulação da via perfurante. 
 
Artigo II: 
 Determinar o perfil de expressão gênica das sub-regiões do Giro Denteado e CA3 do 
hipocampo de rato do modelo da pilocarpina. 







3.1. Modelo de epilepsia induzida por estimulações consecutivas da via perfurante  
3.1.1. Animais 
Foram utilizados oito ratos Wistar machos com doze semanas de idade, os quais 
foram mantidos no biotério do CEMIB-UNICAMP. Os animais foram mantidos em condições 
controladas de iluminação com ciclos de 12 horas luz/escuro, começando a iluminação às 7 
horas, tendo sido mantidos com acesso a comida e água durante o período de observação.  
3.1.2. Cirurgia de implante de eletrodos 
Os animais foram incialmente anestesiados utilizando-se uma mistura gasosa de 
isoflurano/oxigênio (2%/98% respectivamente) administrado ao um fluxo de 2 litros por minuto 
em uma câmara acrílica de anestesia. A anestesia foi mantida durante todo o procedimento 
cirúrgico empregando-se a mesma mistura anestésica e o mesmo fluxo administrada através de 
uma máscara adaptada ao equipamento estereotáxico. Após ser constatada anestesia profunda, 
os animais foram posicionados em um aparelho estereotáxico (Leica Angle Two) para ratos, 
com trilhos paralelos e equipado com dois manipuladores de eletrodo. O crânio foi exposto 
através de um corte longitudinal de aproximadamente 20mm na pele da região dorsal do crânio, 
sendo removido o periósteo. Depois de localizadas as coordenadas do ponto de referência 
Bregma, foram realizadas perfurações no crânio, sempre referentes ao Bregma, nas coordenadas 
abaixo:  
+4,5 mm lateral, -7,6 mm posterior e -4,5 mm lateral, -7,6 mm posterior. 




Foram também realizadas três perfurações no crânio para fixação de parafusos de 
aço inox de 1 mm de diâmetro. Uma perfuração foi realizada na linha média e 2mm posterior à 
sutura lambdoide para posicionamento de um eletrodo referência, sendo que este apenas toca a 
dura-máter. 
 Dois eletrodos bipolares de estimulação, constituídos de dois micro-fios de aço 
inox com distância entre eletrodos de 1mm (0,125 mm de diâmetro, recobertos por teflon, 
PlasticsOne), foram posicionados na Via Perfurante direita (+4,5 mm lateral, -7,6 mm posterior, 
-3 mm ventral) e esquerda (-4,5 mm lateral, -7,6 mm posterior, -3mm ventral). Os eletrodos 
monopolares de registro, constituídos de micro-fios de aço inox (0,25 mm de diâmetro, 
recobertos por teflon, PlasticsOne) foram posicionados no giro denteado direito (+2 mm lateral, 
-3 mm posterior, -3,5 mm ventral) e esquerdo (-2 mm lateral, -3 mm posterior, -3,5 mm ventral). 
A localização final da camada de células granulares do Giro Denteado foi alcançada através da 
otimização do potencial evocado por estimulação da via perfurante. 
Para a estimulação foi utilizado um gerador de estímulo (Grass Astro-Med S88) 
configurado de forma a gerar um pulso-pareado com duração de 0,1 ms, com intervalo inter-
pulso de 40 ms, possuindo amplitude de 20 V. O potencial de campo local registrado nos 
eletrodos implantados no Giro Denteado foi registrado utilizando-se pré-amplificador em 
miniatura (ThomasRecording, 2 canais, 10x ganho, acoplado a corrente contínua, filtro passa 
alta 0,06Hz, filtro passa baixa 10kHz), ligado a um amplificador principal (ThomasRecording, 
8 canais, 25x ganho, filtro passa alta 0,06Hz, filtro passa baixa 10kHz), sendo o sinal 
digitalizado a uma taxa de 10kHz (NIDaq). Nenhum filtro digital foi aplicado aos sinais 
apresentados nesse relatório. Ao final do posicionamento dos eletrodos, uma camada de acrílico 
dental foi usada para a fixação e estabilização dos eletrodos, sendo estes posteriormente 




posteriormente fixados ao crânio com acrílico dental para formar um tampão mecanicamente 
estável. 
3.1.3. Estimulações consecutivas da via perfurante 
Após um período de 7 dias de recuperação após a cirurgia de implante de eletrodos 
os animais foram submetidos ao protocolo de estimulação elétrica da via perfurante. Estes 
protocolos de estimulação em ratos Wistar utilizaram um paradigma desenhado para evocar e 
manter potenciais pós-estimulação nas células granulares do hipocampo durante todo o período 
de estimulação. Todos os protocolos de estimulação foram realizados em animais não 
anestesiados, possuindo livre movimentação. A estimulação da via perfurante consistiu em 
estímulos contínuos, bilaterais de pulso-pareado de 2 Hz, com intervalo inter-pulso de 40 ms, 
somado a uma sequência de 10 segundos de estímulos de pulso único de 20 Hz repetida uma 
vez por minuto, gerado utilizando-se um gerador de estímulo Grass Astro-Med S88. Todos os 
pulsos (0,1 ms) possuíram amplitude de 20 V. Concomitante à estimulação foi realizado o 
registro do potencial de campo do Giro Denteado utilizando-se um pré-amplificador em 
miniatura (ThomasRecording, 2 canais, 10x ganho, acoplado a corrente contínua, filtro passa 
alta 0,06Hz, filtro passa baixa 10kHz), ligado a um amplificador principal (ThomasRecording, 
8 canais, 25x ganho, filtro passa alta 0,06Hz, filtro passa baixa 10kHz), sendo o sinal 
digitalizado a uma taxa de 10kHz (NIDaq).  
3.1.4. Caracterização eletrofisiológica das crises 
Os animais foram monitorados por registro contínuo do potencial de campo local 
medido através do eletrodo monopolar implantado no Giro Denteado direito durante o período 
de quinze dias após o último dia de estimulação, utilizando-se um pre-amplificador em 
miniatura (ThomasRecording, 2 canais, 10x ganho, acoplado a corrente contínua, filtro passa 




8 canais, 25x ganho, filtro passa alta 0,06Hz, filtro passa baixa 10kHz), sendo o sinal 
digitalizado a uma taxa de 2kHz (NIDaq). As crises epiléticas observadas foram caracterizadas 
como: ondas de grande amplitude, maiores que 8 mV; com frequência de aproximadamente 7 
Hz; duração maior do que 30 segundos; ocorrência de redução de amplitude no potencial de 
campo local imediatamente após o final da atividade elétrica de alta amplitude. 
3.1.5. Grupos experimentais 
-Grupo Sham, que apenas recebeu o implante de eletrodos e não foi estimulado (N=4). 
-Grupo Estimulado, consistindo de animais que receberam estímulos conforme paradigma 
acima descrito por trinta minutos durante dois dias, sendo estimulados por oito horas no terceiro 
dia (N=4).  
Quinze dias após o último dia de estimulação os animais foram anestesiados utilizando-se 
mistura gasosa de isoflurano/oxigênio (2%/98% respectivamente), e foram rapidamente 
decapitados sendo imediatamente removido e congelado o encéfalo empregando-se n-hexano 
refrigerado a -60ºC. 
 
3.2. Modelo de epilepsia induzida por pilocarpina 
3.2.1. Animais 
Foram utilizados 50 ratos Wistar machos com oito semanas de idade, os quais foram 
mantidos no biotério do CEMIB-UNICAMP. Os animais foram mantidos em condições 
controladas de iluminação com ciclos de 12 hrs luz/escuro, começando a iluminação às 7 horas, 




3.2.2. Administração de Pilocarpina 
Os animais foram pré-tratados com metil-escopolamina (1mg/kg; subcutâneo; 
Sigma Co.) para limitar os efeitos colinérgicos periféricos. Trinta minutos após, estes receberam 
uma injeção sistêmica de pilocarpina (320 mg/kg; intraperitoneal; Sigma Co). As crises motoras 
recorrentes (SE) foram bloqueadas após 4h com administração intraperitoneal de diazepam 
(4mg/kg).  Os animais que apresentaram SE foram divididos em grupos para vídeo-
monitoramento ininterrupto por 48 horas, 15 dias e 30 dias. Os animais que não apresentaram 
crises motoras recorrentes após a dose inicial não foram utilizados no estudo. Após a 
administração da metil-escopolamina foi injetado solução salina nos animais controles (Sham), 
ao final das 4h estes também receberam uma dose intraperitoneal de diazepam. Concluído o 
vídeo monitoramento os animais foram anestesiados utilizando-se mistura gasosa de 
isoflurano/oxigênio (2%/98% respectivamente) e rapidamente eutanasiados, sendo 
imediatamente removido e congelado o encéfalo empregando-se n-hexano refrigerado a -60ºC. 
3.2.3 Grupos experimentais  
No presente estudo foram analisados os animais 15 dias após indução com o intuito 
de investigar o processo de epileptogênese. Foram divididos em dois grupos: Sham (N=4) e 
Pilocarpina (N=4). 
3.3. Processamento das amostras 
Os cérebros previamente coletados foram processados em um criostato (Leica) 
sendo produzidos 80 cortes histológicos de 60 µm por animal. Os cortes foram coletados em 
lâminas de vidro recobertas por uma membrana PEN (Life Technologies), sendo imediatamente 





Para a microdissecção a laser, as lâminas previamente estocadas foram aquecidas 
até a temperatura ambiente, sendo então posicionadas no microscópio para utilização do sistema 
PALM (Zeiss). A região dorsal e ventral do giro Denteado, CA1 e CA3, bem como, a região 
intermédia de CA1 e CA3 e finalmente o grupo de células de CA2 foram delimitados (fig. 2) e 
cortados utilizando-se o sistema de microdissecção. A análise em separado destas regiões da 
formação hipocampal tem sua importância devido às diferenças de conectividade e padrão de 
expressão gênica que estas apresentam (fig. 3) (55). Posteriormente cada sub-região 
previamente cortada foi coletada mecanicamente em tubos plásticos de 1,5 ml utilizando-se um 









Figura 2 – Imagem representativa do procedimento de microdissecção: (A) corte coronal 
em que se podem observar a porção dorsal do hipocampo; (B) corte histológico após a remoção 


























Figura 3 – Detalhamento da cito-arquitetura do hipocampo de rato. Cortes coronais do 
cérebro de rato. Números de 1-4 indicam o início e o fim de cada porção, números 1 e 2 
representam o início e o fim da porção dorsal, números 3 e 4 representa o início e fim da porção 
ventral e entre os números 2 e 3 representa a porção intermédia [adaptado, (55)]. 
As amostras microdissecadas do GD e CA3 de cada rato foram submetidas 
individualmente à extração de RNA total com Trizol (Thermo®), segundo instruções do 
fabricante. A concentração do RNA extraído de cada amostra foi verificada por densidade 
óptica através de absorbância de ultravioleta (Epoch®) e a qualidade/integridade do RNA foi 
avaliada através da detecção do RNA Integrity Number (RIN) na eletroforese em chip do 







3.4. Preparo de bibliotecas de cDNA e sequenciamento de alto desempenho 
Uma quantidade de 200ng de RNA previamente purificado a partir do material 
microdissecado de cada animal foi convertido em uma biblioteca de cDNA utilizando o kit 
TruSeq Stranded Total RNA LT (Illumina®) seguindo instruções do fabricante. As bibliotecas 
produzidas foram quantificadas por qPCR utilizando-se primers específicos para os adaptadores 
universais Illumina. Para cada biblioteca produzida foi adicionada um sequencia identificadora 
única para posterior separação das amostras após o sequenciamento. Esta estratégia permitiu 
que todas as amostras fossem sequenciadas em uma mesma corrida, minimizando possíveis 
variações nas condições de sequenciamento. 
As bibliotecas de cDNA foram sequenciadas no aparelho HiSeq® 2500 (Illumina®) 
em modo de alto rendimento, produzindo 200-bp, sequencias paired-end e demultiplexadas 
com o programa BclToFastq da Illumina®. O alinhamento das sequencias produzidas foi 
realizado utilizando-se do software STAR (58) utilizando como referência o genoma da espécie 
Rattus norvergicus, montagem NCBI Rnor 6.0. Para a análise de expressão de genes conhecidos 
foram utilizados os pacotes de software do Bioconductor (59),  featureCounts (60) e DESeq2 
(61). O featureCounts realiza a contagem das sequencias alinhadas para elementos do genoma, 
como exons e genes. O pacote DESeq2 permite que sejam executados, em ambiente R, diversos 
processos utilizados na estimativa de expressão diferencial a partir de dados de sequenciamento 
de alto desempenho, tais como: modelagem dos dados utilizando distribuição binomial negativa 
para normalização entre amostras, redução da contribuição da variabilidade de genes pouco 
expressos nas estimativas de variância entre as amostras, teste estatístico de hipótese de 
expressão diferencial utilizando teste de Wald e correção para múltiplos testes utilizando 
procedimento de Benjamini e Hochberg. 
Após processamento dos dados utilizando os pacotes de software acima 




Também foram geradas listas de genes diferencialmente expressos que apresentaram valor de 
probabilidade de hipótese nula menor que 5% após correção para múltiplos testes (valor de 
p<0,05). As listas de genes diferencialmente expressos foram utilizadas para a análise de 
ontologia genica no programa Metacore™ (Thomson-Reuter). 
 
3.5. Validação dos genes por PCR em tempo real 
 
O restante do RNA total previamente extraído das amostras microdissecadas foi 
usado para a síntese do cDNA utilizando o kit de transcrição reversa iScript cDNA synthesis 
(BIO-RAD®), de acordo com as recomendações do fabricante. A expressão relativa foi 
analisada utilizando o método de 2−ΔctΔct, para esta análise, os pares de primers foram: Itgb2, 
Emr1, Ccng1, Cx3cr1, Socs3, Tlr3, Tlr4, Sema3c, C3, Mbp, Npy, Snc4a, Sema3a, Dcx, Stat5, 
Apoe, Cdk1, Cyp51a1, Fdft1, Pdyn, Sst e Y1 foram desenhados utilizando a ferramenta NCBI 
primer blast (http://www.ncbi.nlm.nih.gov/tools/primer-blast/). Como controle endógeno desse 
experimento foram utilizadas as médias geométricas a partir do Ct (Threshold Cycle: ciclo em 
que cada curva de amplificação atravessa o limiar de detecção) dos seguintes genes: Gapdh, 
Hprt, Vezt, Ankyf, Smntl2 e Ssr2. Utilizou-se o kit iTaq™ Universal SYBR® Green Supermix 
(BIO-RAD®) de acordo com as recomendações do fabricante, para a quantificação dos 
transcritos. Esses experimentos foram efetuados em um termociclador 7500 PCR em tempo real 
(Thermo®). Após amplificações por PCR, uma curva de dissociação foi analisada para cada 
gene, e um único pico de temperatura do primer foi observado. O teste T foi utilizado para a 
verificação da diferença significativa na expressão do gene selecionado. O nível de 
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We report here the first complete transcriptome analysis of the dorsal (dDG) and ventral dentate 
gyrus (vDG) of a rat epilepsy model presenting a hippocampal lesion with a strict resemblance 
to classical hippocampal sclerosis (HS). We collected the dDG and vDG by laser 
microdissection 15 days after electrical stimulation and performed high-throughput RNA-
sequencing. There were many differentially regulated genes, some of which were specific to 
either of the two sub-regions in stimulated animals. Gene ontology analysis indicated an 
enrichment of inflammation-related processes in both sub- regions and of axonal guidance and 
calcium signaling processes exclusively in the vDG. There was also a differential regulation of 
genes encoding molecules involved in synaptic function, neural electrical activity and 
neuropeptides in stimulated rats. The data presented here suggests, in the time point analyzed, 
a remarkable interaction among several molecular components which takes place in the 
damaged hippocampi. Furthermore, even though similar mechanisms may function in different 







Induced, or non-genetic epilepsy animal models, generally rely on the 
administration of chemoconvulsants or the use of electrical stimulation paradigms1–3. Such 
strategies generally lead to an episode of convulsive status epilepticus (SE), induce variable 
distribution and intensity of hippocampal neuronal loss, and display significant extra-
hippocampal damage4–6. Animal models of chronic disorders such as mesial temporal lobe 
epilepsy (MTLE) provide the unique opportunity to observe the establishment and the 
development of the pathologic process over time, which is not feasible in patients. Therefore, 
one would prefer to study animal models displaying a phenotype as similar as possible to that 
of the human condition. Currently, it is well recognized that a significant proportion of patients 
with MTLE display the classical hallmarks of hippocampal sclerosis (HS), which is 
characterized by loss of pyramidal neurons, especially in layers CA1 and CA3 of the 
hippocampus, and is associated with limited extra-hippocampal lesions7. In 2010, Norwood et 
al.8 developed an electrical stimulation paradigm in awake rats leading to the induction of 
hippocampal lesions with a morphology similar to that associated with human HS. More 
interestingly, these animals develop spontaneous seizures after a latent period of approximately 
21 days without the presence of acutely induced generalized tonic clonic SE. To date, this is 
the only animal model that displays neuronal damage that more closely resembles HS present 
in patients with MTLE. Even though this animal model is well characterized, the molecular 
mechanisms that are ultimately responsible for epileptogenesis remain largely undetermined8,9. 
Transcriptome profiling allows the broad mapping of molecular constituents 
present in cells and tissues, resulting in the possible generation of wide-ranging hypotheses 
about the mechanisms underlying physiological and pathological conditions10. With the advent 




abundance of mRNA molecules in a sample, as well as determine its precise nucleotide 
sequence10. This strategy has advantages such as: that there is no probe design; and a larger 
linear range of quantity estimation10–12. Furthermore, after acquiring large mRNA data sets it is 
feasible to use this information to identify signaling pathways and biological processes most 
affected by a pathological condition by using the Gene Ontology system of classification of 
enriched genes. 
The hippocampus is a highly heterogeneous structure, presenting different patterns 
of gene expression in different cell populations13,14. Furthermore, it is also possible to observe 
differences in gene expression even within the same cell population throughout the dorsal-
ventral axis of the hippocampus14. Considering these characteristics, the precise isolation of cell 
populations to preserve spatial information significantly improves the specificity of the 
information obtained using high-throughput techniques to identify regional differences in 
molecular mechanisms. 
Therefore, the main objective of the present study was to analyze, in one time point 
during disease progression, the transcriptome profile of the dorsal (dDG) and the ventral dentate 
gyrus (dDG) of animals with hippocampal lesions induced by Perforant pathway (PP) 
stimulation, and to explore the molecular mechanisms altered in this animal model. 
 
Results 
The stimulation of the PP during electrode placement surgery evoked 
depolarization of DG granular cells, and electrode positioning was adjusted for maximal 
amplitude of recorded depolarization. Furthermore, stimulation induced the occurrence of 
populational spikes (Fig. 1A). After a one-week recovery period, rats were stimulated for 30 
minutes on two consecutive days and for 8 hours in the third day as previously described8. The 




rats had electrodes implanted, but were not stimulated after the recovery period. Rats were video 
monitored after stimulation and did not present spontaneous seizures. Fifteen days after the last 
stimulation session, rats were euthanized, and brains were collected and processed for laser 
microdissection. In the present study, we selected the time point, of 15 days after induction of 
lesion by electrical stimulation because this consists in the ‘silent phase’ of the animal model 
used. We considered that a time point close to the 8 h electrical stimulation, as for example 48 
h after induction, would present gene expression more associated with immediate response to 
electrical stimulation and apoptosis. A time point later, as for example 30 days would be in a 
phase were rats would already present spontaneous seizures, that could potentially induce 
changes in gene expression in the analyzed region due to seizures per se, and not necessarily 
due to the epileptogenesis process. Therefore, the time point chosen was sufficiently late in 
relation to the initial stimulation, but before the onset of spontaneous seizures; therefore 
reflecting molecular processes that most likely are involved in epilptogenesis. 
Extensive pyramidal neuronal loss was observed in CA1, CA2 and CA3 in tissue 
sections from rats that were stimulated when compared to Sham controls (Fig. 1D). The dorsal 
and ventral regions of the DG granular cell layer were laser microdissected. In Fig. 1E we show 
a schematic drawing indicating the anatomical division adopted (Fig. 1E). 
Total RNA was extracted from each sample, converted into cDNA libraries using 
Illumina TruSeq Stranded mRNA LT and sequenced in a HISeq 2500 platform. The sequencing 
run produced a total of 1,355,974,797 100-bp reads, with 94% of bases over Q30. An average 
of 84.7 million sequences were produced for each sample. Sequences were aligned with 
TopHat2 to Rattus norvegicus Ensembl Rnor 5.0 assemble. The average sequence alignment 
rate was 91.2%. HTSeqCount and DESeq2 packages were used for the estimation of gene 
expression and statistical analysis. After data processing, a list of differentially expressed genes 




to calculate the Biological coefficient of variance of the present data (BV = 0161), and the 
RNASeqPower15 package was used to calculate the statistical power of the present experiment, 
considering the number of biological replicates used. A power greater than 0.9 was found for 
genes that presented fold-change greater than 1,87 considering a depth of sequence of 20 and 
the Biological coefficient of variance calculated using the EdgeR package. 
We found a total of 2,621 differentially expressed genes (p < 0.05) when comparing 
control dDG with stimulated dDG: 1,425 genes were up-regulated and 1,196 were down-
regulated in stimulated samples. For the vDG we found 2,053 genes differentially expressed 
when comparing control vDG with stimulated vDG: 1,157 genes were up-regulated and 896 
were down-regulated in the stimulated condition (for a complete list refer to supplementary 
Tables 1 and 2). The dimensionality reduction PCA analysis indicates a clear clustering of 
samples regarding the condition, control vs. stimulated, and in different regions of the DG, dDG 
vs. vDG (Fig. 2). 
Comparing the effect of stimulation on the dorsal and ventral regions of the DG, 
there were 1,490 differentially regulated genes in both regions: 590 up-regulated and 900 down-
regulated. However, 1,131 genes were uniquely differentially regulated in the dDG: 607 up-
regulated and 524 down-regulated. In addition, 563 genes were exclusively differentially 
regulated in the vDG: 306 up-regulated and 257 down-regulated as shown in Venn diagrams 
(Fig. 3). Furthermore, when directly comparing the dorsal to ventral portions of the DG from 
control rats a total of 2,449 genes were differentially expressed between regions, 1,142 up-
regulated and 1,307 down-regulated. Comparing the dorsal to ventral portion of the DG from 
stimulated rats 2,133 genes were differentially expressed, 909 up-regulated and 1,224 down-
regulated. The distribution of up and down-regulated genes in the dorsal and ventral regions 




We calculated the enrichment of pathways/biological processes for the set of 
differentially expressed genes using Metacore (Thomas-Reuter) (for a complete list refer to 
supplementary Tables 3 and 4). For the up-regulated genes in the dDG, 67 pathways and 53 
biological processes were significantly enriched. Most significant pathways were those 
involved in immune response such as Inflammosome in inflammatory response, IL-10 
signaling, IL-5 signaling, classical complement pathway, and processes such as phagocytosis, 
inflammosome, interferon signaling and IL-10 inflammatory response. For the down-regulated 
genes in the dDG, cholesterol biosynthesis was the only highly enriched pathway. This pathway 
had 16 of its 19 components down-regulated in the dDG of stimulated animals. For the up-
regulated genes in the vDG, 45 pathways and 43 biological processes were significantly 
enriched. In the vDG, there was also a high frequency of immune response-related pathways 
such as IL-10 and -5 signaling, classical complement activation and processes such as 
phagocytosis and interferon signaling. For the down-regulated genes in the vDG, cholesterol 
biosynthesis and regulation of lipid metabolism were the enriched pathways. However, two 
biological processes showed significant enrichments in the vDG: calcium transport and axonal 
guidance. 
Enrichment pathways/biological process for genes, which were exclusively 
differentially regulated in stimulated animals were also identified (Fig. 3). For uniquely up-
regulated genes in the dDG there were 14 enriched processes, all of which are involved in 
inflammatory response such as IL-12,15,18 signaling, IL-10 anti-inflammatory response, 
interferon signaling, IL-6 and leptin signaling. Whereas, for the genes exclusively up-regulated 
in the vDG, there were six enriched pathways and four biological processes: cell cycle pathways 
such as spindle assembly and chromosome separation, role of APC in cell cycle regulation, 
chromosome condensation in prometaphase; cell cycle processes such as mitosis G2-M and 




and the role of cell-cell and extracellular matrix interaction in oligodendrocyte differentiation 
and myelination and MAG-dependent inhibition of neurite outgrowth. 
Enriched pathways and biological processes that did not reach statistical 
significance are shown in Table 1 (P > 0.05); however, they include sets of related genes that 
were significantly differentially regulated (corrected p values < 0.05 for individual genes). 
A total of 18 genes that were identified as differentially regulated in the RNA 
sequencing experiments were selected for validation by real-time PCR relative quantification 
(Supplementary figure 1). These genes were selected either because they are components of the 
major molecular pathways found to be enriched in the transcritpome or because they are genes 
that were individually mentioned in the discussion. The results from the real-time PCR analysis 
confirmed the findings obtained by RNA sequencing for all 18 genes tested. 
 
Discussion 
The present study explores for the first time the transcriptome of the hippocampus 
DG during the latent phase of an experimental epilepsy model presenting pathologic findings 
resembling classical human HS. Furthermore, due to the well-known spatial molecular diversity 
of the hippocampus14, we separately examined the dorsal and ventral sub-regions of the DG 
granular cell layer. Therefore, we were able to explore putative molecular mechanisms most 
likely involved in structural and functional changes that take place in the hippocampus in our 
model of mesial temporal lobe epilepsy, preserving spatial information about different neuronal 
circuits. 
The most prevalent pathways and biological processes containing differentially 
expressed genes in both the dorsal and ventral regions of the DG were those related to the 
immune response. Moreover, the most enriched biological process associated with up-regulated 




considered a resistant cell population in the context of HS, some degree of cell loss within these 
granular neurons has been observed in humans16 and in animal models17. Interestingly, 
Norwood et al.8 did not describe any cell loss in the DG in this electrical stimulation model. 
However, the data presented by these authors did not exclude the possibility of some degree of 
cell loss because they did not quantify the cells or immunolabel infiltrating 
macrophage/microglial cells in the DG. Our data indicate a significant increase in expression 
of genes typically present in immune system cells specialized in phagocytosis, as indicated by 
the various enriched gene ontologies, such as Inflammosome in inflammatory response 
pathways or the Phagocytosis process. Furthermore, a typical marker of macrophage/activated 
microglial cells, CD18 (also known as CR3 or ITGB2)18 showed a 7.6- and 6.4-fold increase in 
expression in stimulated rats in the dDG and the vDG, respectively. The macrophage/microglia 
marker Adgre1 (also known as EMR1)19 was also up-regulated in the dDG and vDG. Therefore, 
our results indicate a greater extent of damage in the dDG than previously reported8. This 
observation is supported by the immune system-related genes that were exclusively up-
regulated in the dDG, such as those in the JAK3/STAT5 pathway, and the morphological 
characteristics of the tissue observed by Nissl staining (Fig. 2). The observation of exclusive 
up-regulation in the dDG of JAK3, STAT5, SOCS3 and genes related to NFkβ suggest a greater 
presence of immune system-related cells, such as lymphocytes infiltrating the dDG20,21. In an 
intrahippocampal kainic acid injection model in mice, an extensive degeneration of neurons is 
observed, which is associated with infiltrating microglia, circulating macrophages and 
lymphocytes in the degenerating hippocampus22. The infiltration of T lymphocytes in the dDG 
may be responsible for the observed up-regulation in the JAK3/STAT5 pathway, since these 
immune cells are known to present a higher expression of these genes20,21. However, it is 
important to point out that although the up-regulation in immune system-related genes may be 




these genes may have been up-regulated in the granule cells. Additional experiments to better 
characterize the cellular composition of the DG during the latent phase of this electric 
stimulation epilepsy model, as well as the analysis of gene expression in isolated granule cells, 
may help to clarify the role of the immune system in the induction of HS and epileptogenesis. 
The presence of various differentially regulated genes involved in axonal guidance 
such as class 3 Semaphorins, Ephrins and Integrins is noteworthy in the present study. 
Moreover, different members of these families of molecules are uniquely differentially 
regulated in the dorsal or the ventral portions of the DG. Semaphorins consist of a family of 
more than 20 secreted and membrane-bound proteins that may function as guidance cues during 
development and in the adult brain23–25. Beyond these established roles, Semaphorins were 
already shown to be differentially regulated in the hippocampus of experimental epilepsy 
models26. In the present dataset, we identified a high number of Semaphorins potentially 
involved in sprouting and abnormal circuitry formation. Furthermore, different Semaphorins 
(Sema3a and Sema3b, also known as Semaphorins 3A and 3B exclusively up-regulated in the 
dDG; Sema3c and Sema5a exclusively up-regulated in the vDG; Sema3e exclusively down-
regulated in the dDG) were differentially regulated in different portions of the DG, indicating 
distinct axon guidance mechanisms functioning throughout the dorsal ventral hippocampal axis. 
Eph receptors and their respective ligands, the Ephrins, are also an important class of cell 
navigation and axon guidance molecules in the nervous system27. Therefore, these molecules 
may also be associated with molecular mechanisms underlying epileptogenesis as previously 
reported28. 
An increase in neurogenesis of DG granule cells is a well-known phenomenon 
associated with epilepsy29. In the present dataset, we observed significantly enriched pathways 
related to cell proliferation only in the vDG, with the up-regulated genes involved in cell cycle 




(doublecortin) in both the dDG and vDG indicates the presence of migrating newly generated 
neuroblasts30. These observations may indicate an overall increase in neurogenesis, a 
phenomenon previously reported in the context of epileptogenesis29. In addition, our gene 
expression analyses indicated that this proliferation was more intense in the ventral region of 
the DG. Furthermore, we found an up-regulation of important genes related to myelination, 
such as the Mag (Myelin associated glycoprotein), Mbp (Myelin basic protein) and Plp1, 
present only in the vDG. This may indicate a greater extent of sprouting and rewiring taking 
place in the vDG, leading to an increase in the myelination process. 
A common hypothesis for the induction of epileptogenesis is a change in the 
balance between excitation and inhibition in neural networks. It has been proposed that one 
possible mechanism for this change in balance would be a preferential loss of GABAergic 
neurons31,32. Another possibility would be a change in the expression pattern of GABA receptor 
subunits33,34. In the present dataset, we observed an up-regulation of some GABA A receptor 
subunits (such as alpha 3 and beta 2) and a reduction of other subunits (such as the delta and 
rho-3) in both regions of the DG, as well as a down-regulation of the Gabra5 (GABA A receptor 
alpha-5 subunit) in the dDG. Furthermore, changes in voltage-gated ion channels may also have 
an important role in the increase of excitability in the context of epileptogenesis. We observed 
an increase in the expression of Scn4a (Nav1.4), in both the dDG and vDG, a specific increase 
in Scn9a (Nav1.7) in the dDG and an increase in Scn7a (Nav2.1) in the vDG. The sodium 
channel isoform Scn4a is typically found in skeletal muscle35, whereas Scn9a is associated with 
dorsal root ganglia36. Thus, these channels are not usually associated with the hippocampus. 
The expression of these channel genes was low in the DG compared to other typical 
hippocampal sodium channels. For example, Scn8a (Nav1.6) had an average of 9,285 counts; 
whereas, Scn4a had an average of 285 counts and Scn9a an average of 154 counts. Nevertheless, 




expression of sodium channels. Furthermore, their differential regulation may indicate some 
participation in the epileptogenic process. Voltage-gated potassium channels are a diverse 
family of genes that also have a key role in the regulation of neuronal excitability37. We found 
several voltage-gated potassium channel associated-genes differentially regulated in the 
stimulated animals. For example, expression of the gene Kcnc2 (Kv3.2) was reduced in the 
dDG. It is worth noting that changes in the expression of such channels may have significant 
effects on neuronal firing, thus, rendering neurons more susceptible to seizures38. 
Neuropeptides are an important class of molecules involved in the regulation of 
neural tissue excitability39. We observed changes in expression of neuropeptides and receptors, 
which can be of importance in the context of epilepsy. NPY is a neuropeptide with a significant 
role in the regulation of food-intake40, and it is associated with anticonvulsant activity41. 
Furthermore, intra-hippocampal administration of NPY is able to suppress seizures induced by 
perforant pathway stimulation42. Changes in the expression of NPY have previously been 
described in other experimental epilepsy models43, and the observed reduction in both the 
expression of NPY and two of its receptors (Y1 and Y5) in the dDG may play a role in a possible 
increase in excitability in this region. Interestingly, there was a concomitant reduction in the 
expression of other neuropeptides that may have an anticonvulsant role, such as Pdyn (also 
known as prodynorphin or proenkephalin B) a member of the opioid family44, and Sst 
(somatostatin) exclusively in the vDG45. It is worth noting that Pdyn is also associated with 
seizure suppression activity in the perforant pathway stimulation model42. 
Nervous tissue contains high levels of cholesterol, and because cholesterol carrier 
proteins do not cross the intact blood brain barrier it is synthesized locally in the brain46. It is 
known that after a lesion, the level of cholesterol synthesis is reduced in nervous tissue, and 
cholesterol is recycled from degenerating terminals47. In the hippocampus, for example, 




resulting in reduction of hippocampal cholesterol synthesis and an increase in the uptake of 
cholesterol from degenerating terminals via ApoE47. In epilepsy models, a change in cholesterol 
metabolism due to epilepsy induction was previously observed48. Our results show that the most 
significantly down-regulated process in both regions of the DG was cholesterol synthesis. 
Almost all enzymes participating in this process showed reduced expression. These 
observations indicate the presence of degenerating axons and dendrites in the DG, hence 
possibly triggering the recycling of cholesterol from such degenerating neuronal projections. 
 
Conclusion 
The transcriptome data produced and analyzed in the present study reveal the 
functional profiles and possible components of the molecular mechanisms that most likely are 
involved in epileptogenesis in an animal model that displays HS. The gene ontologies enriched 
in the present dataset implicate several biological processes such as immune-response, the 
interplay between neural and immune systems, cell death, neural circuitry re-wiring, changes 
in cell excitability, neurotransmission and metabolic changes. All of these processes are likely 
to play a role, probably simultaneously, in the induction of epileptogenesis. Of particular 
interest is the possibility of interplay between the immune system and the granule neurons. This 
may involve signaling pathways, trophic molecules, cell migration and cell projection guidance 
molecules, such as those that attract and guide the migration of immune-system cells. These 
mechanisms may change the migration and projection pattern of neural cells, contributing to 
the generation of ictogenic tissue. 
Many individual processes mentioned above have been previously associated to 
some degree with epileptogenesis. However, the most important contribution of the present 
study is that by generating a large and comprehensive dataset, one can more precisely identify 




structural and functional changes that take place in the damaged hipppocampus. Furthermore, 
the present data also indicate that even though similar mechanisms may be found in different 
regions of the DG, the components involved seem to be region specific. Finally, our results 





Animals. In the present study, three-month-old male Wistar rats (n = 8) were used. Rats were 
housed under a 12 h/12 h light cycle on a ventilated rack with ad libitum access to standard 
rodent chow and water. All procedures were performed in accordance with the ethical standards 
for animal experimentation at the University of Campinas-UNICAMP. The experimental 
protocol was approved by the UNICAMP animal research ethics committee, which evaluates 
experimental protocols according to current accepted ethical practices and legislation regarding 
animal research in Brazil (Brazilian federal law 11.794 (10/08/2008). 
 
Electrode placement surgery and stimulation. Rats were anaesthetized with an 
isoflurane/oxygen mixture (2%/98%) at 2 L/min using an acrylic induction box. We maintained 
anesthesia throughout the entire surgical procedure with the aforementioned mixture and 
administration rate by using a mask adapted to a stereotaxic apparatus. After a deep anesthesia 
state was verified by the lack of pedal and corneal reflex, we positioned the animal on a 
stereotaxic apparatus (Leica, Angle Two®). The skull was exposed by an incision on the scalp, 
the Bregma was localized and bone perforations were performed in the following coordinates: 
+4.5 mm lateral, −7.6 mm posterior; −4.5 mm lateral, −7.6 mm posterior; +2 mm lateral, −3 




spaces between the aforementioned coordinates for the fixation of stainless steel screws. One 
additional perforation was performed 2 mm posterior to the lambdoid suture, in the midline for 
the placement of a reference electrode (stainless steel, polymide covered, 0.25 mm, Plastics 
One), the reference electrode was lowered just over the surface of the dura mater. Bipolar 
stimulation electrodes (stainless steel, polymide covered, 0.125 mm, Plastics One) with a 1-mm 
separation were positioned into the perforant pathway (+−4.5 mm lateral, −7.6 mm posterior, 
−3 mm ventral). Monopolar recording electrodes (stainless steel, polymide covered, 0.25 mm, 
Plastics One) were positioned into the DG (+−2 mm lateral, −3 mm posterior, −3.5 mm ventral). 
We optimized the final positioning of the recording and stimulation electrodes based on 
polarity, occurrence of population spike and maximum amplitude of evoked potentials in the 
DG (Fig. 1A)49. We performed electrical stimulations with a Grass Astro-Med S88 stimulus 
generator (paired pulses, 0.1-ms pulse duration, interpulse interval of 40 ms, and pulse 
amplitude of 20 V). Recordings were performed with a miniature pre-amplifier (Thomas 
Recording , 2 channel, 10× gain, dc coupled, 0.06 Hz high-pass filter, 10 kHz low-pass filter) 
connected to a main amplifier (Thomas Recording , 8 channel, 25× gain, 0.06 Hz high-pass 
filter, 10 kHz low-pass filter), and the signal was digitalized at 10 kHz (NIDaq). After electrode 
and screw positioning, dental acrylic cement was applied in order to hold and stabilize all 
elements. 
Seven days after surgery of electrode placement, freely moving awake rats were 
stimulated as described previously8 briefly, two days with 30-min stimulation sessions, 
followed by an 8-h session on the third day. The following stimulation protocol was used during 
stimulation: continuous 2-Hz paired pulse, 40-ms interpulse interval stimulation, and once per 
minute a 10-s, 20-Hz single pulse train was delivered using a Grass Astro-Med S88 stimulator. 
We recorded DG field potentials throughout the stimulation with the same configuration 




for electrode implantation, they were handled and recorded using the same protocols as 
stimulated rats, but they did not receive any electric stimulation during or after the surgery of 
electrode placement. 
Fifteen days after the last stimulation session, rats were deeply anaesthetized with 
an isoflurane/oxygen mixture (2%/98%). They were quickly decapitated and the brain was 
immediately removed and frozen at −60 °C using dry ice and n-hexane. 
 
Laser microdissection. We processed previously frozen brains in a cryostat in order to obtain 
60-μm serial sections covering the entire hippocampus. Subsequently, we mounted tissue 
sections in PEN membrane covered slides (Life Technologies®). These, were immediately 
stained with Cresyl Violet, dehydrated with an ethanol series and stored at −80 °C. The DG was 
divided into dorsal and ventral regions according to previously described morphological 
criteria14. The dDG and the vDG were delimited with a Palm (Zeiss®) system, and tissue was 
mechanically collected in separate tubes using a surgical microscope and micro-forceps (Fig. 
2). 
 
cDNA library preparation and next-generation sequencing. We extracted RNA from 
microdissected tissue samples with Trizol, using the manufacturer instructions. cDNA libraries 
were produced from 200 ng of extracted RNA using the TruSeq Stranded mRNA LT 
(Illumina®) according to the manufacturer instructions. Each sample had different identifier 
barcodes, which allowed many samples to be sequenced in the same lane. We sequenced cDNA 
libraries in a HiSeq 2500 (Illumina®) in High Output mode, producing 100-bp, single-read 
sequences. The sequencing run produced a total of 1,355,974,797 100-bp reads, with 94% of 
bases over Q30. An average of 84.7 million of sequences was produced for each sample. We 




Rattus norvegicus Ensembl Rnor 5.0 assemble. The average sequence alignment rate was 
91.2%. The HTSeqCount and DESeq2 packages (http://www-huber.embl.de/users/ anders 
/HTSeq/doc/overview.html, as well as http://www.bioconductor.org/ 
packages/release/bioc/html/DESeq2.html) were used for the estimation of gene expression and 
statistical analysis. HTSeqCount performs the counting of aligned sequences to genome 
elements, such as exons and genes. DESeq2 employs a negative-binomial distribution for data 
normalization, corrects for outliers and the contribution of low expression genes for the analysis 
of variance, and it uses differential expression statistical Wald tests and corrects for multiple 
tests employing the Benjamini and Hochberg procedures. After data processing, a list of 
differentially expressed genes with a statistical significance set at a p < 0.05 (after correction 
for multiple tests) was generated. We used the differentially expressed genes list for gene 
ontology analysis with the Metacore software (Thomas-Reuter™). 
 
Gene expression analysis by real time RT-PCR. Total RNA that was previously extracted 
from microdissected tissue samples (200 ng per sample) was used for cDNA synthesis using 
Vilo cDNA synthesis kit (Thermo®) following the manufacturer instructions. Relative gene 
expression was analyzed using the 2−ΔctΔct method, for this analysis, primers pairs for the genes: 
c3, cd18, socs3, mbp, npy, snc4a, sema3a, sema3c, dcx, stat5, adger1, apoe, cdk1, cyp51a1, 
fdft1, pdyn, sst and y1, were designed using NCBI primer design tool (http://www. 
ncbi.nlm.nih.gov/tools/primer-blast/). As endogenous controls the geometric mean of the ct of 
the genes ssr2, ankyf and smntl2 were used. For the PCRs, the Sybr Power Plus Master Mix kit 
(Thermo®) was used following the manufacturer instructions in a Applied 7500 real-time PCR 
equipment (Applied Biosystems®). Following PCR amplifications, a melting curve was 
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Figures and Legends: 
Figure 1. (A) Two evoked local field potentials in the DG after perforant pathway stimulation 
(40-ms interpulse interval) during electrode placement surgery. (B) Electrical recording of the 
DG during the perforant pathway stimulation protocol. (C) Detail of discharges observed after 
a 20-Hz train. (D) Nissl- stained sections used in the laser microdissection procedures. (D) 1 
Section from control rat from the Sham group; (D) 2 Same section from control rat after 
microdissection; (D) 3 Section from an 8-h stimulated rat at 15 days after stimulation. Note 
extensive lesion in CA1 and CA3. (D) 4 Same section from stimulated rat after microdissection. 
Even though other hippocampus subfields were microdissected, only the DG was used in the 
present study. Scale bar = 500 μm. (E) Schematic drawing indicating the anatomical division 
adopted. 
 
Figure 2. PCA graphic for gene expression data. It is possible to observe segregation between 
control and stimulated groups and between the regions of the dentate gyrus analyzed. 
Figure 3. Venn diagram representing the number of differentially expressed genes. The 
left circle represents genes differentially expressed in the dorsal dentate gyrus (DG). The right 
circle represents genes differentially expressed in the ventral dentate gyrus, and the intersection 
contains differentially expressed genes common to both structures. Tables indicate gene 
onthologies enriched in each subset of genes represented in the Venn diagram. The X axis is 
the –log (adjusted p value). 
Table 1: Relevant genes that were differentially regulated in the dentate gyrus (DG) of 
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Table 1. Relevant genes that were differentially regulated in the dentate gyrus (DG) of 
stimulated animals in the context of epileptogenesis. Genes are grouped by function and 
DG region. 
Axon guidance 
Common up-regulated genes in 
the dDG and vDG 
dihydropyrimidinase-like 3, dihydropyrimidinase-like 5, Ephrin-A5, EVL, 
integrin beta 2, LIM domain kinase 1Semaphorin 3D and the vasodilator-
stimulated phosphoprotein. 
Exclusively up-regulated in the 
dDG 
dihydropyrimidinase-like 1, Ephrin-A receptor 1, Ephrin-A1, IQGAP1, 
myosin regulatory light chain interacting protein, plexin-B2, Semaphorin 
3A, Semaphorin 3B. 
Exclusively up-regulated in the 
vDG 
fasciculation and elongation protein zeta 2, integrin beta 1, nerve growth 
factor receptor, Semaphorin 3C, Semaphorin 5A 
Common down-regulated genes 
in the dDG and vDG 
Ephrin-A receptor 8, Ephrin-B1, Ephrin-B2, Ephrin-B3, Guanine 
deaminase, Plexin A3, Plexin C1, slit homolog 2, Ephexin, Ryanodine 
receptor 1 
Exclusively down-regulated in the 
dDG 
NCK-associated protein 1, reticulon 4, Semaphorin 3E 
Exclusively up-regulated in the 
vDG 
reelin signal transducer, amyloid beta (A4) precursor protein-binding, 




Common up-regulated genes in 
the dDG and vDG 
GABA-A receptor alpha-3 subunit, GABA-A receptor beta-2 subunit, 
Synaptotagmin VI, contactin 1, TANC1, Ephrin-A5, WNT3A, syntaxin 
binding protein 2, solute carrier family 6 (neurotransmitter transporter), 
member 5, growth factor receptor-bound protein 2, beta-2 
adrenoreceptor, glutamate receptor ionotropic delta 2 (GluD2), 
cannabinoid receptor 2 (CNR2), 
Exclusively up-regulated in the 
dDG 
solute carrier family 17 member 6, EPH receptor B6, Semaphorin 4C, 
homer homolog 3, adrenoceptor alpha 2C 
Exclusively up-regulated in the 
vDG 
GABA-A receptor epsilon, GABA-A receptor alpha-1 subunit, cholinergic 
receptor, nicotinic, beta 4 (neuronal) 
Common down-regulated genes 
in the dDG and vDG 
BEGAIN, Ephrin-B1, B2 and B3, Homer 1, Syntrophin gamma 2, TRPC5, 
VAMP1, WNT7A, GABA-A receptor delta subunit, Cerebellin 1, GABA 
receptor rho-3, GluR7, cholinergic receptor nicotinic alpha 7 (CHRNA7), 
histamine receptor H3, 
Exclusively down-regulated in the 
dDG 
fibroblast growth factor receptor substrate 2, N-ethylmaleimide-sensitive 
factor attachment protein alpha, GABA-A receptor alpha-5 subunit, limbic 




Exclusively up-regulated in the 
vDG 
Calmodulin, Dab, reelin signal transducer homolog 1, DLGAP3, MAGI-1, 
nAChR alpha-4, Neurogranin, Synaptotagmin X, SAP102, adrenoceptor 
beta 1, glutamate receptor, metabotropic 6. 
Neuronal electrical activity 
Common up-regulated genes in 
the dDG and vDG 
potassium voltage-gated channel subfamily E member 1-like protein 
(KCNE1L), potassium voltage-gated channel, subfamily H member 2 
(KCNH2), P2 × 7, Na(V)1.4, 
Exclusively up-regulated in the 
dDG 
Nav1.7, potassium voltage-gated channel Shaw-related subfamily member 
4 (KV3.4), 
Exclusively up-regulated in the 
vDG 
P2 × 1, Nav2.1, voltage-dependent calcium channel protein TPC2, 
potassium intermediate/small conductance calcium-activated channel 
subfamily N member 1, 
Common down-regulated genes 
in the dDG and vDG 
Navbeta4 (SCN4B), contactin associated protein 1 
Exclusively down-regulated in the 
dDG 
KCNMB2, KCNC2 (Kv3.2), connexin 36 
Exclusively up-regulated in the 
vDG 
KCNMB4, CACNA1H (Cac3.2), calcium channel, voltage-dependent L 
type alpha 1S subunit (CACNA1S) 
Neuropeptides 
Common up-regulated genes in 
the dDG and vDG 
growth factor receptor-bound protein 2, neuropeptide Y receptor Y2 
(NPY2R), SHC1, EMR1, prolactin releasing hormone receptor, 
Exclusively up-regulated in the 
dDG 
corticotropin releasing hormone receptor 1, tachykinin 3, prokineticin 
receptor 2, 
Exclusively up-regulated in the 
vDG 
neuromedin U 
Common down-regulated genes 
in the dDG and vDG 
Calcitonin, Neuromedin B, Orexin receptor 2, Proenkephalin-B, 
somatostatin receptor 4 
Exclusively down-regulated in the 
dDG 
gastrin-releasing peptide (proGRP), NPY, NPY1R, NPY5R, Somatostatin, 
adenylate cyclase activating polypeptide 1 
Exclusively up-regulated in the 
vDG 
Substance P 
Neuronal proliferation and migration 
Common up-regulated genes in 
the dDG and vDG 
SLIT-ROBO Rho GTPase activating protein 2 (SRGAP2), Doublecortin, 
DYLX2 , wingless-type MMTV integration site family, member 7B 
(WNT7B), neuronatin, 
Exclusively up-regulated in the 
dDG 
 
Exclusively up-regulated in the 
vDG 
cell adhesion molecule L1-like (CHL1), MET proto-oncogene receptor 




Common down-regulated genes 
in the dDG and vDG 
BTG family member 2 (BTG2), doublecortin domain containing 2 
(DCDC2) FAT atypical cadherin 3 (FAT3), fibroblast growth factor 13, 
chemokine (C-X-C motif) ligand 12 
Exclusively down-regulated in the 
dDG 
scratch family zinc finger 1 (SCRT1), zinc finger, SWIM-type containing 
6 (ZSWIM6) 
Exclusively up-regulated in the 
vDG 
ROBO3, Pro-CCK, serum response factor (SRF), amyloid beta precursor 










Supplementary Figure 1.1 – Box plots of RNASeq and Real-Time PCR expression data for 
the c3 gene. A – RNASeq normalized count data from DESEQ2. Statistical data from DESEQ2: 
Control vs Stimulated Dorsal DG p-value < 0.0001; Control vs Stimulated Ventral DG p-value 
< 0.0001. B – Real-Time PCR relative quantification data. T-Test: Control vs Stimulated Dorsal 









Supplementary Figure 1.2 – Box plots of RNASeq and Real-Time PCR expression data for 
the cd18 gene. A – RNASeq normalized count data from DESEQ2. Statistical data from 
DESEQ2: Control vs Stimulated Dorsal DG p-value < 0.0001; Control vs Stimulated Ventral 
DG p-value < 0.0001. B – Real-Time PCR relative quantification data. T-Test: Control vs 









Supplementary Figure 1.3 – Box plots of RNASeq and Real-Time PCR expression data for 
the socs3 gene. A – RNASeq normalized count data from DESEQ2. Statistical data from 
DESEQ2: Control vs Stimulated Dorsal DG p-value = 0.0004; Control vs Stimulated Ventral 
DG p-value = 0.315. B – Real-Time PCR relative quantification data. T-Test: Control vs 









Supplementary Figure 1.4 – Box plots of RNASeq and Real-Time PCR expression data for 
the mbp gene. A – RNASeq normalized count data from DESEQ2. Statistical data from 
DESEQ2: Control vs Stimulated Dorsal DG p-value = 0.986; Control vs Stimulated Ventral 
DG p-value = 0.041. B – Real-Time PCR relative quantification data. T-Test: Control vs 









Supplementary Figure 1.5 – Box plots of RNASeq and Real-Time PCR expression data for 
the npy gene. A – RNASeq normalized count data from DESEQ2. Statistical data from 
DESEQ2: Control vs Stimulated Dorsal DG p-value = 0.0003; Control vs Stimulated Ventral 
DG p-value = 0.971. B – Real-Time PCR relative quantification data. T-Test: Control vs 









Supplementary Figure 1.6 – Box plots of RNASeq and Real-Time PCR expression data for 
the scn4a gene. A – RNASeq normalized count data from DESEQ2. Statistical data from 
DESEQ2: Control vs Stimulated Dorsal DG p-value < 0.0001; Control vs Stimulated Ventral 
DG p-value = 0.0003. B – Real-Time PCR relative quantification data. T-Test: Control vs 









Supplementary Figure 1.7 – Box plots of RNASeq and Real-Time PCR expression data for 
the sema3a gene. A – RNASeq normalized count data from DESEQ2. Statistical data from 
DESEQ2: Control vs Stimulated Dorsal DG p-value = 0.005; Control vs Stimulated Ventral 
DG p-value = 0.135. B – Real-Time PCR relative quantification data. T-Test: Control vs 









Supplementary Figure 1.8 – Box plots of RNASeq and Real-Time PCR expression data for 
the sema3c gene. A – RNASeq normalized count data from DESEQ2. Statistical data from 
DESEQ2: Control vs Stimulated Dorsal DG p-value = 0.192; Control vs Stimulated Ventral 
DG p-value = 0.001. B – Real-Time PCR relative quantification data. T-Test: Control vs 









Supplementary Figure 1.9 – Box plots of RNASeq and Real-Time PCR expression data for 
the dcx gene. A – RNASeq normalized count data from DESEQ2. Statistical data from 
DESEQ2: Control vs Stimulated Dorsal DG p-value < 0.0001; Control vs Stimulated Ventral 
DG p-value < 0.0001. B – Real-Time PCR relative quantification data. T-Test: Control vs 









Supplementary Figure 1.11 – Box plots of RNASeq and Real-Time PCR expression data for 
the stat5 gene. A – RNASeq normalized count data from DESEQ2. Statistical data from 
DESEQ2: Control vs Stimulated Dorsal DG p-value = 0.024; Control vs Stimulated Ventral 
DG p-value = 0.066. B – Real-Time PCR relative quantification data. T-Test: Control vs 










Supplementary Figure 1.12 – Box plots of RNASeq and Real-Time PCR expression data for 
the adgre1 gene. A – RNASeq normalized count data from DESEQ2. Statistical data from 
DESEQ2: Control vs Stimulated Dorsal DG p-value < 0.0001; Control vs Stimulated Ventral 
DG p-value = 0.0006. B – Real-Time PCR relative quantification data. T-Test: Control vs 









Supplementary Figure 1.13 – Box plots of RNASeq and Real-Time PCR expression data for 
the apoe gene. A – RNASeq normalized count data from DESEQ2. Statistical data from 
DESEQ2: Control vs Stimulated Dorsal DG p-value = 0.033; Control vs Stimulated Ventral 
DG p-value = 0.180. B – Real-Time PCR relative quantification data. T-Test: Control vs 









Supplementary Figure 1.14 – Box plots of RNASeq and Real-Time PCR expression data for 
the cdk1 gene. A – RNASeq normalized count data from DESEQ2. Statistical data from 
DESEQ2: Control vs Stimulated Dorsal DG p-value = 0.069; Control vs Stimulated Ventral 
DG p-value = 0.014. B – Real-Time PCR relative quantification data. T-Test: Control vs 









Supplementary Figure 1.15 – Box plots of RNASeq and Real-Time PCR expression data for 
the cyp51a1 gene. A – RNASeq normalized count data from DESEQ2. Statistical data from 
DESEQ2: Control vs Stimulated Dorsal DG p-value < 0.0001; Control vs Stimulated Ventral 
DG p-value < 0.0001. B – Real-Time PCR relative quantification data. T-Test: Control vs 









Supplementary Figure 1.16 – Box plots of RNASeq and Real-Time PCR expression data for 
the fdft1 gene. A – RNASeq normalized count data from DESEQ2. Statistical data from 
DESEQ2: Control vs Stimulated Dorsal DG p-value < 0.0001; Control vs Stimulated Ventral 
DG p-value < 0.0001. B – Real-Time PCR relative quantification data. T-Test: Control vs 









Supplementary Figure 1.17 – Box plots of RNASeq and Real-Time PCR expression data for 
the pdyn gene. A – RNASeq normalized count data from DESEQ2. Statistical data from 
DESEQ2: Control vs Stimulated Dorsal DG p-value < 0.0001; Control vs Stimulated Ventral 
DG p-value = 0.0002. B – Real-Time PCR relative quantification data. T-Test: Control vs 









Supplementary Figure 1.18 – Box plots of RNASeq and Real-Time PCR expression data for 
the sst gene. A – RNASeq normalized count data from DESEQ2. Statistical data from DESEQ2: 
Control vs Stimulated Dorsal DG p-value = 0.002; Control vs Stimulated Ventral DG p-value 
= 0.536. B – Real-Time PCR relative quantification data. T-Test: Control vs Stimulated Dorsal 









Supplementary Figure 1.19 – Box plots of RNASeq and Real-Time PCR expression data for 
the y1 gene. A – RNASeq normalized count data from DESEQ2. Statistical data from DESEQ2: 
Control vs Stimulated Dorsal DG p-value = 0.0003; Control vs Stimulated Ventral DG p-value 
= 0.085. B – Real-Time PCR relative quantification data. T-Test: Control vs Stimulated Dorsal 
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Objectives: Mesial temporal lobe epilepsy (MTLE) is a chronic neurological disorder 
characterized by the development of seizures and by histopathological abnormalities in the 
mesial temporal lobe structures, mainly hippocampal sclerosis (HS). It is well known that gene 
expression profile of specific tissue provides relevant biological information about molecular 
mechanisms potentially involved in complex biological phenomena. Recently, it has been 
recognized that due to marked heterogeneity of gene expression in a different subset of cells, it 
is important to take sub-regional specificities when studying gene expression, especially in the 
CNS. We used RNAseq analysis to determine the profile of gene expression in the hippocampus 
dentate gyrus (DG) and Cornu Ammonis 3 (CA3) in an animal model of temporal lobe epilepsy 
induced by pilocarpine. Methods: The high-throughput RNA sequencing was performed from 
dorsal and ventral DG and CA3, as well as the intermediate CA3, were laser-microdissected 
tissue from a pilocarpine model in Wistar rats. We evaluated the gene expression profile and 
the enriched signaling biological processes. Results: Our results indicate that there were many 
differentially regulated genes, some of which were specific to each sub-regions in the 
pilocarpine rats. However, we identified some major signaling biological processes that were 
enriched in all layers and areas examined inflammation, axon guidance, neuronal activity and 
synaptic function. Significance: The data presented highlight the importance of high-
throughput transcriptome analysis in the study of complex disorders such as epilepsy, and the 
advantage of obtaining tissue from delimitated areas to fully appreciate the large biological 
heterogeneity of different cell populations within the central nervous system. Our results 
suggest a predominance of the dorsal region in the neuronal electrical activity and axonal 
guidance, furthermore, an interaction among several molecular components leading to 






Mesial temporal lobe epilepsy (MTLE) has great clinical importance as one of the 
most common types of medically refractory epilepsy that are referred for epilepsy surgery1. The 
most common histopathologic hallmark frequently found in the surgical specimens from MTLE 
is hippocampal sclerosis (HS)2; 3. HS is defined as a segmental neuronal cell loss, mainly in the 
layers of pyramidal neurons of the hippocampal formation4. An international classification 
system for HS was proposed, which consists of four categories: HS type 1 [neuronal 
degeneration in the Cornu Ammonis 1 (CA1), CA3 and CA4 layers and lower degree in the 
CA2 layer and the dentate gyrus], type 2 (CA1 predominant sclerosis), type 3 (CA4 
predominant sclerosis), type 4 (presentation of gliosis only, no significant neuronal cell loss in 
any layer)4. 
 Experimental models are important to replicate aspects of MTLE, including HS and 
it allows different approaches that are not possible with human material, contributing to a better 
understanding of the pathophysiology of the MTLE5. The pilocarpine model is widely used to 
reproduce TLE6 and some of its important features are: (i) the presence spontaneous recurrent 
seizures after “latent phase”7; 8; (ii) neuronal network reorganization in hippocampus-related 
with widespread damage, some of them localized in the same brain areas affected in TLE 
patients1.  
 Because of the hippocampus as being a heterogeneous structure, showing different 
cell populations and patterns of gene expression along its dorsal-ventral axis, specific isolation 
of hippocampus cell populations is required to preserve spatial information and to improve the 
specificity of data obtained through molecular biology methods9-11. The use of high-throughput 
techniques, as transcriptome profile, allows the identification of molecular mechanisms in cells 




mechanisms underlying physiological and pathological conditions11. To understand the 
pathophysiology of HS, we decided to analyze the transcriptome profile of the different 
hippocampus subfields in the latent phase and to explore the molecular mechanisms involved 





 In the present study, we used Wistar rats, eight-weeks-old male (n = 8). Rats were 
housed under a 12 h/12 h light cycle on a ventilated rack with ad libitum access to standard 
rodent chow and water. All procedures were performed following the ethical standards for 
animal experimentation at the University of Campinas-UNICAMP. The experimental protocol 
was approved by the UNICAMP animal research ethics committee, which evaluates 
experimental protocols according to current accepted ethical practices and legislation regarding 
animal research in Brazil. 
 
Pilocarpine-induced epilepsy model 
 Male rats were injected with methyl-scopolamine (1 mg/kg) thirty minutes before 
the systemic injection of pilocarpine hydrochloride (320 mg/kg) to reduce peripheral 
cholinergic side effects. Four hours after the administration of pilocarpine, diazepam was 
administered (4 mg/kg) to stop seizures. Control rats were injected with saline after methyl-
scopolamine injection. Fifteen days after induction, rats were anesthetized with an 
isoflurane/oxygen mixture (2%/98%) and euthanized (n=4), the brains were immediately 






 The previously frozen brains were processed in a cryostat to obtain 60-μm serial 
sections covering the entire hippocampus. Then, we mounted tissue sections in PEN membrane 
covered slides (Life Technologies®). These were immediately stained with Cresyl Violet, 
dehydrated with an ethanol series and stored at − 20 °C. The DG was divided into dorsal and 
ventral regions according to previously described morphological criteria 10). The dDG, vDG, 
dCA3, iCA3, and vCA3 were delimited with a Palm (Zeiss®) system, and tissue was 
mechanically collected in separate tubes using a surgical microscope and micro-forceps. 
 
cDNA library preparation and next-generation sequencing 
 RNA was extracted from microdissected tissue samples with Trizol®, using the 
manufacturer instructions. Quality/integrity of the RNA was evaluated by RNA Integrity 
Number (RIN) detection on the Bioanalyzer 2100 chip electrophoresis (Agilent), the RIN 
average was eight.  cDNA libraries were produced from 200 ng of extracted RNA using the 
TruSeq Stranded Total RNA (Illumina®) according to the manufacturer instructions. 
 cDNA libraries were sequenced in a HiSeq® 2500 (Illumina®) in High Output 
mode, producing 200-bp, paired-end sequences and demultiplexed with BclToFastq from 
Illumina®. We aligned sequences with STAR12 to Rattus norvegicus NCBI Rnor 6.0 assemble. 
For the estimation of gene expression and statistical analysis, we used featureCounts13 and 
DESeq214 packages from Bioconductor15, featureCounts performs the counting of aligned 
sequences to genome elements, such as exons and genes. DESeq2  employs a negative-binomial 
distribution for data normalization, corrects for outliers and the contribution of low expression 
genes for the analysis of variance, and it uses differential expression statistical Wald tests and 
corrects for multiple tests employing the Benjamini and Hochberg procedures. A list of 




was generated after data processing. We used the differentially expressed genes list for gene 
ontology analysis with the Metacore™ software (Thomson-Reuter). 
 
Gene expression analysis by real-time RT-PCR  
 Total RNA that was previously extracted from microdissected tissue samples (200 
ng per sample) was used for cDNA synthesis using the iScript cDNA synthesis kit (BIO-
RAD®) following the manufacturer instructions. Relative gene expression was analyzed using 
the 2−ΔctΔct method, for this analysis, primers pairs for the genes: Itgb2, Emr1, Ccng1, Cx3cr1, 
Socs3, Tlr3, Tlr4, and Sema3c were designed using NCBI primer design tool 
(http://www.ncbi.nlm.nih.gov/tools/primer-blast/). As endogenous controls, the geometric 
mean of Gapdh, Hprt, Vezt, and Ssr2 was used. For the PCRs, The iTaq™ Universal SYBR® 
Green Supermix kit (BIO-RAD®) was used following the manufacturer instructions in an 
Applied 7500 real-time PCR equipment (Applied Biosystems®). Following PCR amplification, 
a melting curve was analyzed for each gene, and a single primer was melting temperature peak 




Transcriptome profile of dorsal and ventral dentate gyrus of the pilocarpine model of 
temporal lobe epilepsy 
 For the analyzes of differential gene expression on dDG and vDG, we produced a 
transcriptome sequencing run with a total of 252,352,953, 200-bp reads, with 90% of bases over 
Q30. Averages of 15.7 million sequences were generated for each sample. The average 
sequence alignment rate was 85%. We found 1,093 genes differentially expressed (p<0.05) 




295 were down-regulated.For the vDG, we identified 395 genes differentially expressed 
(p<0.05) when comparing control with pilocarpine rats: 260 genes were upregulated and 135 
were downregulated (for a complete list refer to Supplementary Table 1). The dimensionality 
reduction PCA analysis indicates a clear clustering of samples regarding the condition, control 
vs. pilocarpine rats (fig. 1), and in different regions of the DG (supporting material, figure S1) 
Comparing the pilocarpine effect on the dorsal and ventral regions of the DG in the 
latent phase, there were, uniquely differentially regulated, 799 genes in the dorsal and 101 genes 
in the ventral DG, as well as, 264 genes common in both regions. There were 581 unique genes 
up-regulated and 218 downregulated in the dDG. In addition, the ventral region we found 
solely, 43 genes upregulated and 58 downregulated (fig. 2A). 
 We calculated the enrichment of biological processes for the set of differentially 
expressed genes using Metacore (as above, refer to supporting Table 2). The most enriched 
processes upregulated in the dDG of pilocarpine rats were involved in immune response, such 
as Phagocytosis, Platelet-endothelium-leucocyte interaction, Phagosome in antigen 
presentation, Cell-matrix interaction and Complement system.  For the downregulated genes in 
the dDG, we found enrichment of the Calcium transport, Transmission of nerve impulse, as 
well as, Potassium transport.  For the upregulated genes in the vDG, there was a high frequency 
of immune response-related biological processes, such as Complement system, Antigen 
presentation, and Phagocytosis, the downregulated were: Calcium transport, Proteolysis: ECM 
remodeling and Development: Neurogenesis; Synaptogenesis (fig 4). 
 
Transcriptome profile of hippocampus CA3 in the pilocarpine model of temporal lobe 
epilepsy 
 For the analyzes of differential expression on dCA3, iCA3, and vCA3, we 




Q30. Averages of 11.9 million sequences were generated for each sample. The average 
sequence alignment rate was 83%. We found a total of 2,809 genes differentially expressed 
(p<0.05) when comparing control with pilocarpine rats for the dCA3: 1,595 genes were 
upregulated and 1,214 were down-regulated. For the iCA3 we identified 1,997 genes 
differentially expressed (p<0.05) when comparing control with pilocarpine rats: 1488 genes 
were upregulated and 509 were downregulated. In vCA3 we identified 1,363 genes 
differentially expressed (p<0.05) when comparing control with pilocarpine rats: 1,067 genes 
were upregulated and 296 were downregulated (for a complete list refer to Supplementary 
Table 3). The dimensionality reduction PCA analysis indicates a clear clustering of samples 
regarding the condition, control vs. pilocarpine rats, and in different regions of the CA3 (fig. 3)  
For the pilocarpine effect on the dorsal, intermediate and ventral regions of the CA3 
in the latent phase, there were, uniquely differentially regulated, 1,318 genes in the dorsal, 438 
genes in the intermediate region and 180 genes in the ventral of the CA3, as well as, 968 genes 
in common in all regions. There were 401 unique genes up-regulated and 919 downregulated 
in the dCA3; 245 genes upregulated and 193 downregulated in the iCA3; 77 genes upregulated 
and 106 downregulated in the vCA3 (fig. 2B).  
 The most significant biological process upregulated in the CA3 of the pilocarpine 
rats were also involved in immune response in all sub-regions, such as Phagocytosis, 
Complement system, Phagosome in antigen presentation and Innate inflammatory response (for 
a complete list refer to supporting Table 4). Among the downregulated genes, the most enriched 
biological process in the dCA3 was Transmission of nerve impulse, Synaptogenesis, Synaptic 
contact, as well as, Axonal guidance and Potassium transport. For the downregulated genes in 
the iCA3, we found enrichment of the Transmission of nerve impulse, Synaptic contact, 
Development: Neurogenesis; Synaptogenesis, Long-term potentiation, Potassium transport 




vCA3, the biological processes were: Transmission of nerve impulse, Blood vessel 
morphogenesis, Axonal guidance and Signal transduction: Neuropeptide signaling pathways 
(fig. 5). 
 Table 1 shows the genes related to the major molecular processes found enriched 
in the transcriptome and that were individually mentioned in the discussion.  
We performed real-time PCR (qPCR) for selected genes from the list of transcripts 
presenting differential expression in the RNA sequencing experiments. The genes to be 
validated were chosen based on their presumed functional importance in epilepsy and they are 
components of the molecular biological processes found to be enriched in the transcriptome 
(supporting material, figure S2). Overall, the results of the qPCR analysis were in agreement 
with the findings of the RNAseq. However, for some of the genes tested the qPCR results did 




The present study showed region specific molecular mechanisms taking place in 
hippocampus sub-regions during the ‘latent phase’ of an animal model of temporal lobe 
epilepsy induced by pilocarpine. We investigated the dorsal and ventral sub-regions of the DG 
and CA3, as well as the intermediate portion of CA3. Here we show for the first time the 
transcriptome of different hippocampus subfields in the pilocarpine model and highlight the 
importance of analyzing groups of neurons and networks precisely dissected. 
Inflammation and the immune responses were the most prevalent pathways and 
biological processes enriched when considering upregulated genes in all regions analyzed. 
Although the latent phase does not show recurrent seizures, brain inflammation is longstanding 




provoked neuronal cell loss, however, is not a requirement for inflammation to occur. Instead, 
the release of pro-inflammatory cytokines could contribute to cell loss17, and the inflammation 
may continue by cells death18; 19. Our data indicate a significant increase in expression of genes 
present in immune system cells, indicated by enriched gene ontologies, such as Classical 
complement pathway, Phagocytosis processes, and Phagosome in antigen presentation in 
pilocarpine rats. Interestingly, among the results presented there are genes involved with 
activated microglia cells, such as Itgb2 (Integrin, Beta 2)20 and EMR1 (also known as Adhesion 
G Protein-Coupled Receptor E1, Adgre1)21. These were up-regulated in all sub-fields of the 
DG and CA3. However, the fractalkine receptor (Cx3cr1), that is present primarily on 
microglial cells, regulating its activation, migration and phagocytic activity22; 23; is upregulated 
in the longitudinal axis of CA3 and exclusively in the dDG. Thus, the dorsal portion of DG 
could play an important role in the microglial activation. Consistent with our previous report 
on the transcriptome analysis of epilepsy animal model without SE, we suggest an essential role 
of the inflammation during in the latent phase of epilepsy model to induction of 
epileptogenesis11. 
 Aberrant reorganization of axon outgrowth is one of the hallmarks during the 
epileptogenesis. Dentate granule cell precursors begin to extend mossy fiber axon to the hilus 
and CA3 regions24. Our dataset shows an increased number of differentially regulated genes 
involved in axonal guidance such as Semaphorins and Ephrins. Furthermore, different members 
of these genes are differentially regulated in the longitudinal axis of the hippocampus layers. A 
common Semaphorin (Sema3d) is upregulated in the dorsal and ventral portions of the DG and 
CA3, as well, in the intermediate CA3. Moreover, this gene was reported up-regulated in the 
hippocampus of patients with MTLE with HS25. The Sema5b is exclusively upregulated in the 
dDG; Sema3c is solely upregulated in the vDG and dCA3; Sema6a is select increased in the 




in dCA3. Consistent with our previous study, that showed the Sema3c gene exclusively 
dysregulated in the ventral portion of the DG and different families of Semaphorin differentially 
regulated in the DG11. The Ephrins receptors are differentially regulated in our data, such as, a 
common Epha10 is downregulated in the dorsal and ventral portions of the DG and CA3, as 
well, in the intermediate CA3; Ephb6 is exclusively upregulated and in the dDG; Epha3 is 
down-regulated and Ephb1 upregulated, both, only in the vCA3. The classes of these molecules 
were already shown dysregulated in the hippocampus of epilepsy models and patients with TLE 
and could be associated with molecular mechanisms underlying of the epileptogenesis26-29. 
These genes could be involved in the sprouting and the formation of abnormal circuitry. 
The presence of several differentially regulated genes involved in neuronal firing 
such as potassium voltage-gated channels is noteworthy in the present work. Moreover, these 
channels are an extensive family of genes that have an important role in the maintenance of the 
neuronal excitability30. We found numerous potassium voltage-gated channel associated-genes 
dysregulated in pilocarpine rats. Interestingly, the dorsal portion of the hippocampus presents 
several subfamilies of these channels differentially regulated when compared to the ventral part. 
There were uniquely downregulated genes in the dDG, such as Kcnb2, Kcnh5 and Kcnk9. The 
pyramidal neurons of CA3 showed a higher number of differentially expressed potassium 
voltage-gated channel than the granule cells of DG, suggesting an aberrant expression of 
potassium channels. The dCA3 exhibited exclusively differential genes: upregulated, such as 
Kcne4 and Kcnj16 and downregulated genes, such as Kcnc1, Kcnc3, Kcng2, Kcnk4 and Kcnn1. 
Changes in the expression of several of these channels may have a significant effect on neuronal 
activation, leading the neurons more susceptible to seizures31. In the context of excitability, the 
sodium channels also have an important role in the epileptogenesis32; 33. In the present dataset, 
this voltage-gated channel was exclusively differentially expressed in the dorsal of DG and 




was observed in the dCA3, this gene was upregulated in the vDG of the animal model with SE 
free11 and the Scn1b was downregulated in dCA3. We found a specific reduction of the Scn1a 
and Scn9a in the iCA3. Changes in the expression of Scn1b have previously been described as 
a mechanism that reduces the mRNA levels of the alpha 1 subunit 34. The calcium channels 
were previously described as crucial for the propagation of seizures in animal models35. We 
observed a high number of calcium voltage-gated channels dysregulated in the CA3. The 
Cacng5 was exclusively upregulated in the iCA3. Most of these were down-regulated in the 
pyramidal neurons and Cacnb3 is exclusively in the dCA3 of the pilocarpine rats. 
In the context of neuronal signaling, one of the mechanisms responsible for the 
susceptibility of any given brain region to the generation and spread of epileptic activity is an 
imbalance in the GABAergic and the glutamatergic neurotransmitter systems36; 37. The subunits 
of glutamate ionotropic receptors NMDA, AMPA and Kainate, were dysregulated in the 
longitudinal dorso-ventral axis of the hippocampus several there were down-regulated. 
Nevertheless, the Grin2c was exclusively upregulated in the iCA3. We observed an exclusively 
down-regulation of the GABA receptors (type A, subunit beta 2 and gamma 3; type B, subunit 
1) in the CA3 with the selective down-regulation of the Gabbr1 in the dCA3. This imbalance 
could impair the synapses formation during the latent phase and may lead to an aberrant 
neuronal network.  
The particular isolation of different cell populations improves the specificity of the 
information obtained using high-throughput techniques to identify unique mechanisms taking 
place in the anatomic regions and cell types11. Hansen et al.38 showed in the pilocarpine model 
in mice, by RNA-seq, genes related to neuronal protection and axonogenesis expressed in the 
hippocampus during the latent phase. Interestingly, we found in the present study, using LCM, 




is exclusively upregulated and Cxcl12 downregulated in dDG; Mt1A unique upregulated in the 
dorsal and intermediate portions of CA3 and the Notch3 increased in the iCA3. 
Overall, our results demonstrate differences in the gene expression profile of 
different hippocampal cell layers, indicating specific molecular mechanisms taking place in 
each portion of the hippocampus of an animal model of temporal lobe epilepsy induced by 
pilocarpine. Our data also highlight the advantage to delimiting anatomic areas from 
heterogeneous tissues such as the brain. Moreover, it also shows the importance of high-
throughput approaches in the study of complex disorders, such as epilepsy. 
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Figures and legends 
Figure 1: PCA graphic for gene expression data from DG RNAseq. It is possible to observe 
clear differential clustering of control and pilocarpine groups. Cd= control-dorsal; Cv= control-
ventral; Pd= pilocarpine-dorsal; Pv=pilocarpine-ventral. 
Figure 2. Venn diagram representing the differentially expressed genes in the comparison 
between groups Control vs. Pilocarpine. A: represents genes differentially expressed in the 
dentate gyrus (DG). B: represents genes differentially expressed in the CA3. In both graphs, the 
left circle (yellow) shows differentially expressed transcripts in the dorsal hippocampus, the 
right circle (blue) indicates differentially expressed transcripts in the ventral hippocampus and 





Figure 3: PCA graphic for gene expression data from CA3 RNAseq. It is possible to observe 
clear differential clustering of control and pilocarpine groups, as well the sub-regions of CA3. 
Cd= control-dorsal; Ci= control-intermediate; Cv= control-ventral; Pd= pilocarpine-dorsal; Pi= 
pilocarpine-intermediate; Pv=pilocarpine-ventral. 
Figure 4. List of the top 10 ranked biological processes significantly enriched based on 
genes differentially expressed in the dentate gyrus (DG) of the pilocarpine rats. (A) 
Upregulated biological processes and (B) downregulated biological processes in the dDG. (C) 
Upregulated biological processes and (D) downregulated biological processes in the vDG. 
Biological processes were ranked based on pValue, and the bars represent the inverse log of the 
pValue. 
Figure 5. List of the top 10 ranked biological processes significantly enriched based on 
genes differentially expressed in the CA3 of the pilocarpine rats. (A) Upregulated biological 
processes and (B) downregulated biological processes in the dC3. (C) Upregulated biological 
processes and (D) downregulated biological processes in the iCA3. (E) Upregulated biological 
processes and (F) downregulated biological processes in the vCA3 Biological processes were 
ranked based on pValue, and the bars represent the inverse log of the pValue. 
Table 1: Relevant genes that were differentially regulated in the hippocampus of 
pilocarpine animals. List of genes identified as differentially expressed mentioned in the 
discussion. We inform the gene symbol and fold change (log2FC). dDG and vDG – dorsal and 
ventral dentate gyrus; dCA3, iCA3 and vCA3 – dorsal, intermediate and ventral CA3. All the 







Supporting table S1 – List of genes differentially regulated in the DG when comparing 
pilocarpine rats to control Wistar. We inform the genes respective NCBI ID, Gene Symbol, 
Log2FC, pValue and adj.pValue. 
Supporting table S2 – List of pathways and biological process significantly enriched based on 
the up- and downregulated genes in the DG of pilocarpine rats. We inform maps of biological 
processes, the total number of genes presents in the current map, p-value, false discovery rate 
(FDR) and genes in dataset present in the current map. 
Supporting table S3 – List of genes differentially regulated in the CA3 when comparing 
pilocarpine rats to control Wistar. We inform the genes respective NCBI ID, Gene Symbol, 
Log2FC, pValue and adj.pValue. 
Supporting table S4 – List of pathways and biological process significantly enriched based on 
up- and downregulated genes in the CA3 of WAR. We inform maps of biological processes, 
the total number of genes presents in the current map, p-value, false discovery rate (FDR) and 
genes in dataset present in the current map. 
Supporting figure S1: PCA graphic for gene expression data from DG RNAseq. It is 
possible to observe clear differential clustering of dorsal and ventral of the control groups. Cd= 
control-dorsal; Cv= control-ventral. 
Supporting figure S2. The figure depicts the Real-Time PCR data of the selected genes, chosen 
based on the RNAseq experiments from DG. Black-bars: control, dotted-bars: pilocarpine rats. 




Supporting figure S3. The figure depicts the Real-Time PCR data of the selected genes, chosen 
based on the RNAseq experiments from CA3. Black-bars: control, dotted-bars: pilocarpine rats. 
* T-Test confirming the statistical significance at p<0.05. 
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differentially expressed in the dentate gyrus (DG) of the pilocarpine rats. (A) Upregulated 
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processes and (D) downregulated biological processes in the iCA3. (E) Upregulated biological 
processes and (F) downregulated biological processes in the vCA3 Biological processes were 
ranked based on pValue, and the bars represent the inverse log of the pValue. 
 
Table 1: Relevant genes that were differentially regulated in the hippocampus of 
pilocarpine animals. List of genes identified as differentially expressed mentioned in the 
discussion. We inform the gene symbol and fold change (log2FC). dDG and vDG – dorsal and 
ventral dentate gyrus; dCA3, iCA3 and vCA3 – dorsal, intermediate and ventral CA3. All the 
transcripts show adjusted p-value ≤ 0.05.  
 Fold change (log2FC) 
Gene Symbol dDG vDG dCA3 iCA3 vCA3 
Bdnf 2.5 - - - - 
Cxcl12 -1.5 - - - - 
Mt1a - - 2.7 2.5 - 
Notch3 - - - 1.5 - 
Tlr4 1.98 - 3.01 2.78 2.72 
Itgb2 5.08 3.19 5.16 5.99 5.05 
Emr1 2.92 1.77 3.37 4.02 3.16 
Cx3cr1 2.08 - 2.85 3.25 2.61 
Sema3c 0.49 0.85 0.39 - - 
Sema3d 2.33 1.98 3.04 2.71 2.32 
Sema4f - - -0.67 - - 
Sema5b 2.76 - - - - 
Sema6a 0.81 - 0.55 - - 
Sema6d - - 0.33 - - 
Efna5 2.26 1.68 - - - 
Efnb3 - - -0.941 -1.21 -0.98 
Epha3 - - - - -0.44 
Epha10 -1.56 -1.39 -0.79 -0.93 -0.93 
Ephb1 - - - - 0.91 
Ephb6 1.25 - - - - 
Kcna2 -0.68 - - -0.55 - 
Kcnab2 - - -0.65 -0.56 - 
Kcnb2 -0.72 - - - - 




Kcnc3. - - -0.79 - - 
Kcnc4 - - - -1.33 -1.42 
Kcne1l - - - 3.19 - 
Kcne4 - - 1.41 - - 
Kcnf1 - - 1.98 - -2.47 
Kcng2 - - -0.4 - - 
Kcnh3 - - -0.87 -0.75 - 
Kcnh5 -1.029 - - - - 
Kcnh6 - - -1.27 -1.14 -1.34 
Kcnh7 -0.64 - - -1.18 - 
Kcnip4 - - - -0.43 - 
Kcnj2 - - 1.31 1.50 - 
Kcnj3 - - - -0.45 - 
Kcnj4 - - - 0.96 1.05 
Kcnj5 2.65 - 2.94 4.14 2.82 
Kcnj9 - - -0.66 -0.66 - 
Kcnj10 - - -0.4 -0.72 -0.59 
Kcnj15 - - 3.27 3.05 2.6 
Kcnj16 - - 0.53 - - 
Kcnk4 - - -1.0 - - 
Kcnk9 -1.45 - - - - 
Kcnk13 2.29 - 3.43 3.45 1.82 
Kcnn1 - - -0.65 - - 
Kcnn4 3.98 5.77 4.41 5.41 8.21 
Kcnq2 - - -0.56 -0.56 - 
Kcns1 - - -0.86 -0.91 - 
Kcns3 -1.25 -1.23 -0.99 - -1.10 
Kcnt2 -0.68 - - -0.71 - 
Scn1a - - - -0.61 - 
Scn7a - - 1.68 - - 
Scn9a - - - -0.99 - 
Scn1b - - -0.83 - - 
Scn4b -1.18 - -0.68 -0.85 - 
Cacn1e - - - -0.56 -0.60 
Cacna1i - -1.0 -0.77 - - 
Cacna2d2 - - -0.51 - - 
Cacnb2 -0.36 - - - -0.44 
Cacnb3 - - -0.48 - - 
Cacng3 - - -0.69 -0.56 - 
Cacng5 - - - 3.14 - 
Gria1 - - - -0.43 - 





Grik1 - - -0.80 -0.82 -0.76 
Grik2 - - - -0.54 -0.56 
Grik3 -0.75 -0.98 - - -0.98 
Grik4 - - -0.64 - - 
Grik5 - - -0.58 - - 
Grin1 - - -0.46 - - 
Grin2c - - - 1.16 - 
Grina - - -0,54 - - 
Gabbr1 - - -0.28 - - 
Gabrb2 - - - -0.54 -0.62 





Supporting figure S1: PCA graphic for gene expression data from DG RNAseq. It is 
possible to observe clear differential clustering of dorsal and ventral of the control groups. Cd= 







Supporting figure S2. The figure depicts the Real-Time PCR data of the selected genes, chosen 
based on the RNAseq experiments from DG. Black-bars: control, dotted-bars: pilocarpine rats. 




Supporting figure S3. The figure depicts the Real-Time PCR data of the selected genes, chosen 
based on the RNAseq experiments from CA3. Black-bars: control, dotted-bars: pilocarpine rats. 






Apesar da caracterização morfológica e funcional do hipocampo existentes na 
literatura, na esclerose hipocampal (EH), ainda temos um conhecimento limitado sobre quais 
os mecanismos moleculares e/ou vias de sinalização seriam realmente críticos (suficientes e/ou 
necessários) para a determinação das lesões hipocampais específicas vistas na EH. Com a 
melhor caracterização dessas vias seria possível determinar quais os mecanismos mais 
relevantes envolvidos na epileptogênese na ELTM. 
Neste trabalho, procuramos contribuir para o entendimento do processo de 
desenvolvimento da doença no modelo de pilocarpina a partir da minuciosa separação dos 
grupos celulares presentes no hipocampo de rato e a investigação molecular destes grupos por 
sequenciamento de nova geração (RNAseq). 
O presente estudo mostrou os específicos mecanismos moleculares que ocorrem 
nas sub-regiões do hipocampo durante a fase latente de modelos animais de epilepsia do lobo 
temporal. Foram investigadas as sub-regiões dorsal e ventral do GD e CA3, bem como a porção 
intermediária de CA3. Aqui mostramos pela primeira vez o transcriptoma de diferentes porções 
do hipocampo no modelo da pilocarpina, e destacamos a importância de analisar grupos de 
neurônios precisamente dissecados e redes de interação gênica. 
A inflamação e a resposta imune foram os processos biológicos mais enriquecidos 
quando se consideram genes hiperexpressos em todas as regiões analisadas. Embora a fase 
latente não apresente crises recorrentes, a inflamação cerebral é de longa duração e pode 
persistir por vários dias após o término do status epilepticus (62). As crises epilépticas podem 
provocar morte neuronal, no entanto, não é necessário que a inflamação ocorra. A liberação de 
citocinas pró-inflamatórias poderia contribuir para a perda de celular (63), e a inflamação pode 




aumento significativo na expressão de genes presentes nas células do sistema imune, indicado 
pelo enriquecimento de ontologia de gênica, como Classical complement pathway, 
Phagocytosis processes e Phagosome in antigen presentation em ratos pilocarpina. 
Curiosamente, entre esses dados estão presentes genes envolvidos com micróglia ativada, como 
Itgb2 (Integrin, Beta 2) (66) e Emr1 (também conhecido como Adhesion G Protein-Coupled 
Receptor E1, Adgre1) (67), foram superexpressos em todas as sub-regiões do GD e de CA3. 
No entanto, o receptor de fractalkina (Cx3cr1), presente principalmente nas células da 
micróglia, o qual, regula sua ativação, migração e atividade fagocitária (68, 69); é regulado 
positivamente em toda camada de células piramidais de CA3 e exclusivamente no dGD. 
Portando, a porção dorsal do GD poderia desempenhar um papel importante na ativação da 
micróglia. Consistente com o nosso trabalho sobre a análise do transcriptoma no modelo animal 
de epilepsia sem SE, sugerimos que a inflamação desempenha um papel importante durante a 
fase latente do modelo de epilepsia para a contribuição da epileptogênese (54). 
A reorganização aberrante do desenvolvimento dos axônios é um dos processos 
envolvidos na epileptogênese. Células granulares precursoras do GD começam a estender seus 
axônios pelas fibras musgosas para as regiões hilo e CA3 (70). Nosso conjunto de dados mostra 
um aumento no número de genes diferencialmente expressos envolvidos na 
orientação/desenvolvimento axonal, como as semaforinas e efrinas. Além disso, diferentes 
membros desses genes são regulados diferencialmente no eixo longitudinal dos grupos celulares 
estudados no hipocampo. Uma semaforina comum (Sema3d) apresentou hiperexpresso nas 
porções dorsal e ventral do GD e CA3, bem como no CA3 intermediário dos animais 
pilocarpina. Além disso, foi observado um aumento desse gene no hipocampo de pacientes com 
ELTM com EH (71). A Sema5b estava exclusivamente hiperexpressa no dGD; A Sema3c 
apresentou hiperexpresso somente no vGD e no dCA3. Outras diferentes famílias de 




apresentado na tabela 1 do artigo), observação que está em concordância com nosso estudo 
publicado em 2016 (54), que mostrou o gene Sema3c com expressão exclusivamente alterada 
na porção ventral do GD, e diferentes famílias de semaforinas diferencialmente expressas no 
GD. Os receptores de Efrinas foram observados diferencialmente expressos em nossos dados, 
tais como, o Epha10 hipoexpresso nas porções dorsal e ventral do GD e CA3, bem como no 
intermediário CA3. É interessante ressaltar que este receptor já foi descrito na literatura com a 
expressão aumentada em camundongos tratados por pilocarpina, através da técnica de 
hibridização in situ de RNAm apenas na região dorsal do hipocampo (72). O gene Ephb6 
encontra-se exclusivamente superexpresso no giro denteado dorsal; já os receptores Epha3 e 
Ephb1 apresentaram expressão alterada exclusivamente no vCA3, porém o A3 com expressão 
diminuída e o B1 aumentado nesta região do hipocampo.  
Além dos receptores, encontramos dois ligantes com expressão alterada 
significativamente, sendo a Efnb3 hipoexpresso exclusivamente em todas sub-regiões de CA3 
e a Efna5 exclusivamente hiperexpresso em ambas porções do giro denteado. Ambos ligantes 
já foram relatados na literatura, porém o ligante B3 foi encontrado na fase crônica da epilepsia 
com a expressão aumentada no hipocampo de ratos tratados com pilocarpina (73, 74). Outras 
classes dessas moléculas já reportadas com a expressão alterada no hipocampo de modelos de 
epilepsia e pacientes com ELT e podem estar associadas a mecanismos moleculares subjacentes 
à epileptogênese (73, 75-77). Estas observações indicam que diferentes mecanismos de 
direcionamento do desenvolvimento axonal estão sendo ativados ao longo do eixo dorsal-
ventral do hipocampo, contudo, acreditamos que integrações desses genes podem estar 
envolvidas no surgimento e na formação de circuitos neuronais anormais. 
A presença de vários genes diferencialmente expressos envolvidos na atividade 
neuronal, tais como, os canais de potássio voltagem-dependente, foi notável no presente 




desempenham um papel importante na manutenção da excitabilidade neuronal (78). 
Encontramos inúmeros genes associados a canais de potássio voltagem-dependente com a 
expressão alterada nos ratos tratados com pilocarpina. Interessantemente, a porção dorsal do 
hipocampo apresenta várias subfamílias desses canais diferencialmente regulados quando 
comparadas à porção ventral. Foram observados genes exclusivamente hipoexpressos no dGD, 
tais como, Kcnb2, Kcnh5 e Kcnk9. Os neurônios piramidais de CA3 mostraram um número 
maior de canais de potássio voltagem-dependente diferencialmente expressos que as células 
granulares do GD, este achado sugere uma expressão descontrolada desses canais. O dCA3 
exibiu exclusivamente genes diferencialmente: hiperexpressos, tais como, Kcne4 e Kcnj16 e 
genes hipoexpressos, tais como, Kcnc1, Kcnc3, Kcng2, Kcnk4 e Kcnn1. Alterações na expressão 
de vários desses canais podem ter um efeito significativo sobre a ativação neuronal, deixando 
os neurônios mais suscetíveis a crises (79). No contexto de excitabilidade, os canais de sódio 
também têm um papel fundamental na epileptogênese (80, 81). No presente conjunto de dados, 
este canal voltagem-dependente foi exclusivamente diferencialmente expresso na região dorsal 
de GD e CA3, bem como na região intermediária da CA3. A hiperexpressão da isoforma Scn7a 
foi observada no dCA3, este gene foi regulado positivamente no vGD do modelo animal de 
estimulação elétrica (54) e o Scn1b apresentou hipoexpressão na porção dorsal de CA3. 
Encontramos exclusivamente reduzido os genes Scn1a e Scn9a no iCA3. Alterações na 
expressão de Scn1b foram previamente descritas como um mecanismo que reduz os níveis de 
RNAm da subunidade alfa 1 (82), interessante ressaltar que essa alteração foi observada em 
diferentes regiões de CA3, ou seja, mudança de expressão de uma região pode afetar outra 
porção do mesmo grupo celular. Os canais de cálcio foram previamente descritos como cruciais 
para a propagação das crises em modelos animais (83). Observamos um grande número de 
canais de cálcio voltagem-dependente diferencialmente expressos no CA3. O Cacng5 mostrou-




nos neurônios piramidais e o gene Cacnb3 é exclusivo da região dorsal de CA3 dos ratos 
pilocarpina. 
No contexto da sinalização neuronal, um dos mecanismos responsáveis pela 
susceptibilidade de qualquer região cerebral à geração e propagação da atividade epiléptica é 
um desequilíbrio nos sistemas de neurotransmissores GABAérgico e glutamatérgico (3, 84, 85). 
Nas subunidades dos receptores ionotrópicos de glutamato NMDA, AMPA e do tipo Kainato, 
observamos estarem com a expressão alterada ao longo do eixo dorsal-ventral do hipocampo, 
sendo que diversos deles estão hipoexpressos, no entanto, o Grin2c foi único hiperexpresso e 
exclusivo da região intermediária de CA3. Observamos uma hipoexpressão exclusiva dos 
receptores de GABA (tipo A subunidade beta 2 e gama 3; tipo B, subunidade 1) no CA3 com 
a presença exclusiva de Gabbr1 no dCA3. Pensando em termos de sinalização, esse 
desequilíbrio poderia prejudicar a formação de sinapses durante a fase latente e contribuir para 
a formação de a uma circuitaria neuronal aberrante. 
O tecido nervoso contém altos níveis de colesterol, e visto que proteínas carreadoras 
do colesterol não cruzam a barreira hemato-encefálica, o colesterol é sintetizado localmente no 
cérebro (86). É conhecido que após uma lesão o nível de síntese de colesterol é reduzido no 
tecido nervoso, sendo o colesterol reciclado a partir de terminais em degeneração (87). No 
hipocampo, dano ao córtex entorrinal leva a uma extensa degeneração para o GD, levando a 
uma redução no nível hipocampal de síntese de colesterol, e induz também um aumento na 
captação de colesterol liberado por terminais em degeneração via expressão de Apolipoproteína 
E (87). Em modelos de epilepsia já se observou mudanças no metabolismo de colesterol após 
a indução desta condição em animais experimentais (88). No presente conjunto de dados o 
processo biológico mais significativamente reduzido em ambas as regiões do GD dos animais 
de estimulação elétrica, foi a síntese de colesterol. Foi observada uma redução na expressão de 




possível presença de degeneração de axônios e dendritos no GD, desencadeando a reciclagem 
de colesterol das regiões em degeneração. 
É importante salientar que o isolamento específico de diferentes populações de 
células melhora a especificidade das informações obtidas usando técnicas de alto rendimento 
para identificar mecanismos únicos que ocorrem nas regiões anatômicas e tipos de células (54). 
Hansen e colaboradores (89) mostraram em seu trabalho um modelo de pilocarpina em 
camundongos, através da técnica de RNA-seq, genes relacionados à proteção neuronal e 
axonogênese, expressos no hipocampo total, ou seja, sem delimitação das áreas, durante a fase 
latente do modelo. Curiosamente, encontramos no presente estudo, usando LCM, a localização 
através do eixo dorsal-ventral do hipocampo alguns dos genes encontrados pelos autores: Bdnf 
e Cxcl12 é exclusivamente hiperexpressos na porção dorsal do GD; Mt1A apresentou-se 
hiperexpresso na região dorsal e intermediária de CA3 e o Notch3 aumentado somente em 
iCA3. 
Dessa forma, nossos resultados demonstram diferenças no perfil de expressão 
gênica de diferentes grupos de células, indicando mecanismos moleculares específicos que 
ocorrem em cada porção do hipocampo de um modelo animal de epilepsia do lobo temporal 
induzido por pilocarpina e estimulação elétrica. Além disso, demonstramos os grandes 
processos biológicos envolvidos em dois modelos de epilepsia do lobo temporal sem e com SE 
e destacamos a similaridade entre os processos biológicos envolvidos, porém com padrões de 
expressão gênica diferente, ou seja, diferentes genes envolvidos no mesmo processo estudado. 
Nossos dados também destacam a vantagem de delimitar áreas anatômicas de tecidos 
heterogêneos, como o cérebro. Estes achados biológicos mencionados acima sugerem a 
integração desses processos para o desenvolvimento da epileptogênese. Além disso, também 







 Os dados do transcriptoma produzidos neste estudo revelaram possíveis componentes 
moleculares envolvidos no processo de epileptogênese no modelo animal de epilepsia 
do lobo temporal mesial induzido pela pilocarpina. 
 A análise de expressão gênica das sub-regiões do giro denteado e de CA3 apontam para 
um o perfil molecular específico de cada uma dessas regiões. 
 Os processos biológicos enriquecidos indicaram um predomino da inflamação e 
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Objectives: We undertook the present study to identify molecular pathways leading to a 
predisposition to seizures in the Wistar audiogenic rat (WAR), a model for genetic epilepsy 
with complex inheritance.  
Methods: We obtained total RNA from five susceptible WAR corpora quadrigemina and 
hippocampus, as well as from the same tissue of control Wistar. Gene expression analysis was 
performed using microarray technology and analyzed in R environment using the Affy and 
Limma packages from Bioconductor, as well as the MetaCore® platform to identify 
molecular networks. 
Results: The microarray analysis of tissue from WAR showed 1,624 differentially expressed 
transcripts in the corpora quadrigemina and 1,351 in the hippocampus. The most enriched 
biological process in WARs was Response to unfolded protein. In addition, we found an 
overrepresentation of genes and physiological pathways previously identified in these animals 
such as GABAergic neurotransmission.  
Significance: We found that the Response to unfolded protein and subsequent endoplasmic 
reticulum stress seems to be the most relevant biological pathway represented in the gene-
expression profile of WARs. This mechanism has never been reported in genetic epilepsy; 
thus, demonstrating the importance of large-scale agnostic studies, such as gene expression 






 Wistar audiogenic rats (WARs) were established through the breeding of Wistar rats 
selected by their susceptibility to audiogenic seizures. 
 WARs develop epilepsy only when submitted to environmental stimuli, thus providing 
a model for genetic epilepsy with complex inheritance. 
 The most significant pathway identified in the microarray study of WAR, Response to 
unfolded protein, has never been reported in genetic epilepsy. 
 Our finding underscores the importance of performing large-scale agnostic studies, 
such as gene expression profiling, to investigate the complex biological mechanisms 






The Wistar audiogenic rat  (WAR) strain was established through the breeding of Wistar 
rats selected for their susceptibility to audiogenic seizures1. It is a genetic epilepsy model, 
emulating reflex epilepsy, which is dependent on environmental stimuli for the full expression 
of seizures. In this way, WARs which are born with a genetic predisposition to seizures will 
develop tonic-clonic generalized seizures followed by clonic spasms when exposed to a high-
intensity auditory stimulus (110 dB)1; 2. The brain structures thought to be involved in these 
acute audiogenic seizures are the inferior and superior colliculus, substantia nigra, reticular 
formation and periaqueductal grey matter3-5. WARs submitted to audiogenic kindling also 
present audiogenic seizures affecting structures such as the amygdala, the hippocampus and the 
neocortex6-8. 
An imbalance in the GABAergic and the glutamatergic neurotransmitter systems is 
considered one of the mechanisms responsible for the susceptibility of any given brain region 
to the generation and spread of epileptic activity9. Although the expression levels of genes 
involved in the GABAergic and glutamatergic systems in the colliculus of WARs has not been 
previously measured, it is known that the hippocampus of these rats has a reduced GABAergic 
function10; 11. The expression of one of the subunits of the AMPA receptor, the GluR2-flip, is 
increased in the hippocampus of WARs that have undergone acute and chronic audiogenic 
seizures2. The relevance of the previously reported mechanism is still unknown, however, in 
the face of the complexity underlying the genetic predisposition to epilepsy in WARs.  
The use of DNA-microarray technology provides the potential to profile the gene 
expression of thousands of genes simultaneously12. This technology has been successfully 
employed in the evaluation of cellular, tissue or entire biological systems in experimental 
models and human samples, including the central nervous system13-16. The biological 




a microarray experiment is a complex task that can benefit significantly from bioinformatics 
tools. Software that employs an automatic ontological analysis approach is, therefore, a 
valuable tool for extracting biological meaning from large gene expression profile lists17; 18. 
We undertook the present study to identify relevant pathways leading to a predisposition 
to seizures in WARs. We used DNA-microarrays to obtain gene expression profiles of the 
corpora quadrigemina, a region that includes the superior and inferior colliculus, as well as the 
hippocampus in WARs and control Wistar rats. 
 
Methods 
Animals and sound stimulation 
The present study was conducted with five 70 days old male adult Wistar rats (control 
group), and five 70 days old male adult Wistar audiogenic rats (WARs — the experimental 
group), both obtained from the original breeding stock of the Federal University of Minas 
Gerais under controlled lighting cycles of 12h light/dark.  
Auditory stimulus was applied individually in an isolated acoustic chamber, where the 
animals were exposed to high-intensity sound, using a recorded doorbell (110 dB SPL) until 
the appearance of tonic seizure or for a maximum duration of one minute. The stimulus was 
applied with both control and in experimental groups. Animals were screened with three 
acoustic stimuli, once a week. The control Wistar rats registered 0 (zero) severity index (SI) 19 
and WARs registered SI>0.85. All experiments were approved by the ethics committee for 
animal experimentation at the Federal University of Minas Gerais according to the current 





The rats were guillotined, and their brains were immediately dissected over an iced 
surface. The hippocampi and corpora quadrigemina were rapidly immersed in RNA-Later™ 
(Ambion®, Thermo Fisher Scientific, USA), frozen and stored at the Laboratory of Molecular 
Genetics at the University of Campinas. Total RNA was isolated from tissue using Trizol 
(TRIzol reagent™ – Life technologies™, Thermo Fisher Scientific, USA), following the 
protocol recommended by the manufacturer, and it was purified using sodium acetate 3M. The 
concentration of the total purified RNA was determined again by UV spectrophotometry at 
260/280 nm, 260/230 nm and quality/integrity of the RNA was evaluated using RNA Integrity 
Number (RIN) detection on the Bioanalyzer 2100 chip electrophoresis (Agilent), the RIN 
average was nine. 
Microarray analysis  
We used the GeneChip® Rat Genome 230 2.0 Array (Affymetrix®, Santa Clara, CA, 
USA) containing 31,000 probe sets to analyze the expression levels of more than 30,000 
transcripts encoding for more than 28,000 well-substantiated rat genes. Total RNA (200ng) was 
processed with the 3’ IVT Express Kit Assay. Hybridization and washing were performed using 
the Hybridization, Wash and Stain kit. The arrays were then scanned with a GeneChip Scanner 
3000 (Affymetrix®) at the DNA microarray facility (LMA) - Brazilian Synchrotron Light 
Laboratory, Campinas, SP, Brazil. 
The data were processed and analyzed in R environment using the Affy and Limma 
packages from Bioconductor. We used the RMA algorithm (Robust Multichip Averaging20) for 
normalization of the arrays and calculated the signal intensity and the detection (presence or 
absence of expression). Transcripts which were found to be absent in all samples were removed 
from subsequent analysis. We used the Limma package for statistical analysis of gene 
expression, which can perform comparisons among many RNA targets simultaneously using 




experiments 21; 22. We used a p-value≤ 0.05 (after correction for multiple tests) to consider a 
given transcript differentially expressed. Pathway enrichment analysis was conducted using the 
MetaCore® platform (Thomas-Reuter). 
Quantitative RT-PCR 
We investigated the expression levels of eight genes by RT-qPCR to validate the results 
of the microarray experiments, using the same samples used in the microarray analysis. We 
used the High Capacity cDNA Reverse Transcription Kit and random primers (Thermo®) for 
cDNA synthesis. Gene expression assays were carried out in the 7500 Real-Time PCR System. 
Relative gene expression was analyzed using the 2−ΔctΔct method, and primers pairs for the 
genes:  ppp3cb, gabra5, hsp90, ubc7, gabra1, gabrd, hsp105, kcnn3 were designed using the 
NCBI primer design tool (http://www.ncbi.nlm.nih.gov/tools/primer-blast/). The geometric 
mean of the ct of the genes gapdh and hprt1 was used as the reference. The iTaq™ Universal 
SYBR® Green Supermix kit (BIO-RAD®) as used for the PCRs, according to the manufacturer 
instructions in an Applied 7500 real-time PCR equipment (Thermo®). Following PCR 






The microarray results showed 1,624 differentially expressed transcripts in the corpora 
quadrigemina and 1,351 in the hippocampus of WARs, compared with controls. Of these, we 
found 616 upregulated and 1,008 downregulated in the corpora quadrigemina; whereas, for the 
hippocampus, we identified 660 genes upregulated and 691 downregulated (for a complete list 
refer to supporting Tables S1 and S2). 
We calculated the enrichment of pathways and biological processes for the set of 
differentially expressed genes using Metacore® (as above, refer to supporting Tables S3 and 
S4). The main enriched pathways and biological processes upregulated in the corpora 
quadrigemina of the WARs are involved in Protein folding: Posttranslational processing of 
neuroendocrine peptides (pathway, figure 1a), Response to unfolded proteins and Folding in 
normal condition (biological processes, figure 1b). For the downregulated genes in the corpora 
quadrigemina of WARs, we found enrichment of the Regulation of G1/S transition (pathway, 
figure 1c), Cell adhesion and Cell cycle (biological processes, figure 1d).  
The most significant pathways and biological process upregulated in the hippocampus 
of WARs are involved in Protein folding and Development: Angiotensin system maturation and 
ECM-cell interactions in oligodendrocyte differentiation, myelination (pathway, figure 2a), 
Response to unfolded proteins (biological process, figure 2b). Among the downregulated genes 
the most enriched pathway and biological process in the hippocampus of WARs are: 
Thromboxane A2 signaling pathway, Corticoliberin signaling via CRHR1, Constitutive and 
activity-dependent synaptic AMPA receptor delivery and Constitutive and regulated NMDA 
receptor trafficking (pathway, figure 2c) and Synaptic vesicle exocytosis and Transmission of 
nerve impulse (biological process, figure 2d).  
We performed real-time PCR (qPCR) for selected genes from the list of transcripts 




were chosen based on their presumed functional importance in epilepsy (supporting material, 
figure S1). The results of the qPCR analysis confirmed the findings of the microarray 
experiment in the hippocampus, but not in the corpora quadrigemina. 
 
Discussion  
Animal models of epilepsy, such as WARs, are essential tools to help elucidate 
molecular mechanisms critical to the development and maintenance of epileptic seizures. This 
is particularly important for genetic epilepsy with complex inheritance, for which only a few 
susceptibility loci have been identified in patients23; 24. In this study, we applied a large scale 
agnostic approach which does not select specific pathways for study but instead provides an 
overview of the most represented biological pathways among the genes abnormally expressed. 
Transcriptome profiling has been successfully applied to evaluate different cellular and tissue 
mechanisms in the human and animal models of many diseases25-29. 
Previous studies with WARs have shown the crucial role of the inferior colliculus in the 
development of audiogenic seizures, which is demonstrated by the potentiation of such events 
by microinjections of excitatory molecules, such as NMDA, in this structure 30. The electrical 
stimulation of the inferior colliculus induces seizures similar to those elicited by auditory 
stimulus in susceptible animals31. On the other hand, bilateral microinjections of GABA-
receptor agonists, such as baclofen, in the inferior colliculus are capable of blocking audiogenic 
seizures in susceptible rats 32. The superior colliculus also plays an essential role in the spread 
of audiogenic seizures in WARs as subcollicular transections affecting its connections are 
capable of reducing the occurrence of auditory stimulus induced-seizures33. It has also been 
demonstrated that the continuous exposure of WARs to audiogenic seizures changes the 
phenotype, indicating the recruitment of limbic structures as in an epileptic kindling8. 




amygdala, hippocampus and neocortex6-8. We, therefore, selected the corpora quadrigemina 
and the hippocampus as the target tissue for the expression studies.  
Given the large number of genes differentially expressed in WARs in comparison with 
control Wistar, 1,624 in the corpora quadrigemina and 1,351 in the hippocampus, it can be 
concluded that epileptogenesis induced by the combination of genetic predisposition and 
environmental stimuli caused a significant change in gene expression. In this context, the most 
enriched biological process in both corpora quadrigemina and the hippocampus of WARS was 
the Response to unfolded protein. The most enriched process when considering only genes 
upregulated in both corpora quadrigemina and hippocampus of WARs was also the Response 
to unfolded protein. Since the endoplasmic reticulum (ER) is the primary organelle involved in 
protein folding quality control, any increase in unfolded proteins triggers some degree of ER 
stress34; 35. Our results regarding the upregulation of proteins involved in response to misfolded 
proteins, such as chaperones, indicate that the genetic background associated with the WAR 
phenotype may result in the increased production of misfolded proteins that disrupt normal 
cellular function, inducing some degree of ER stress. 
Changes in ER function have been previously identified in epilepsy34. An increase in 
ER stress markers was demonstrated in the hippocampi of patients with temporal lobe 
epilepsy36. Moreover, Chihara et al.37 showed a marked increase in an ER stress marker, BiP, 
in the hippocampus of kindled rats; however, this is the first time that changes in ER function 
were found to be relevant in a genetic epilepsy model. 
A potential limitation of our study is that gene expression changes detected could be 
caused by acute seizures, especially regarding the results obtained in the corpora quadrigemina. 
Since these rats only had three episodes of audiogenic seizures during screening for 
susceptibility, and that tissue was collected one week after the last seizure, it is unlikely that the 




the first episodes of audiogenic seizures in WARs do not involve limbic structures7. 
Consequently, the fact that the hippocampus presented the same pattern of differential 
regulation of genes involved in Response to unfolded proteins as in the corpora quadrigemina 
indicates that this altered cellular function may be a preexisting condition, which may have 
been genetically inherited, and it is not an acute consequence of seizures. 
Global gene expression analysis also indicates the presence of functional clusters of 
genes and physiological pathways that were previously identified in WARs such as genes 
involved in the GABAergic neurotransmission pathway32; 38. We found that the GABA-A 
receptor alpha-1 subunit is up-regulated in the corpora quadrigemina of WARs, indicating an 
altered GABAergic function. It has been previously reported that a deficient GABA 
neurotransmission in the inferior colliculus is an essential finding in rats genetically susceptible 
to audiogenic seizures and that the microinjection of GABA receptor agonists or GABA uptake 
inhibitors are capable of blocking audiogenic seizures in these rats32; 38. Bilateral microinjection 
of the GABA receptor antagonist bicuculline in the inferior colliculus also renders normal rats 
temporarily susceptible to audiogenic seizures39. We also observed the differential regulation 
of genes involved in the GABAergic neurotransmission in the hippocampus of WARs, a 
reduction in the GABA receptor subunits alpha-2, beta-1 and gamma-1. In accordance with 
these findings, it has been shown that electrophysiological experiments in cultured 
hippocampus neurons and hippocampus slices from WARs demonstrate reduced hippocampal 
GABAergic function; however glutamatergic transmission is normal10; 11. 
Lastly, ER stress may result in a membrane trafficking disorder of the synaptic 
molecules, decreasing cell surface expression of receptors, such as GABA-receptors. ER stress 
can, therefore, lead to impaired GABAergic synaptic function and signal transduction, as 





Overall, our results suggest that the generation of misfolded proteins, and a consequent 
ER stress in WARs, could be a relevant underlying factor responsible for the susceptibility to 
seizures in these animals. This altered cellular function could impair normal GABA and 
glutamate homeostasis, reflected in the altered expression of genes involved in this 
neurotransmitter system in WAR. Further experiments exploring protein folding in the tissue 
of WARs may advance our knowledge about epileptogenesis in this specific strain and could 
contribute to a better understanding of the role of misfolded proteins in epilepsy. 
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Legend for figures 
Figure 1. List of the top 10 ranked pathways and biological processes significantly enriched 
based on genes differentially expressed in the corpora quadrigemina of WARs. (A; B) 
Upregulated pathways and biological processes. (C; D) Downregulated pathways and 
biological processes. Pathways and biological processes were ranked based on pValue, and the 
bars represent the inverse log of the pValue. 
Figure 2. List of the top 10 ranked pathways and biological processes significantly enriched 
based on genes differentially expressed in the hippocampus of WARs. (A; B) Upregulated 
pathways and biological processes. (C; D) Downregulated pathways and biological processes. 
Pathways and Biological processes were ranked based on P-value, and the bars represent the 





Supporting table S1 – List of genes differentially regulated in the corpora quadrigemina when 
comparing WAR to control Wistar. We inform the genes respective Affy ID, Log2C, pValue 
and adj.pValue. 
Supporting table S2 – List of genes differentially regulated in the hippocampus when 
comparing WAR to control Wistar. We inform the genes respective Affy ID, Log2C, p-value 
and adj.pValue. 
Supporting table S3 – List of pathways and biological process significantly enriched based on 
the up- and downregulated genes in the corpora quadrigemina of WAR. We inform maps of 
pathways and biological processes, the total number of genes presents in the current map, p-
value, false discovery rate (FDR) and genes in dataset present in the current map. 
Supporting table S4 – List of pathways and biological process significantly enriched based on 
up- and downregulated genes in the hippocampus of WAR. We inform maps of pathways and 
biological processes, the total number of genes presents in the current map, p-value, false 
discovery rate (FDR) and genes in dataset present in the current map. 
Supporting figure S1. The figure depicts the Real-Time PCR data of the selected genes, chosen 
based on the microarray experiments. White-bars: control hippocampus, black-bars: WAR 
hippocampus; dotted-bars: control corpora quadrigemina, striped-bars: WAR corpora 








Figure 1. List of the top 10 ranked pathways and biological processes significantly enriched 
based on genes differentially expressed in the corpora quadrigemina of WARs. (A; B) 
Upregulated pathways and biological processes. (C; D) Downregulated pathways and 
biological processes. Pathways and biological processes were ranked based on pValue, and the 






Figure 2. List of the top 10 ranked pathways and biological processes significantly enriched 
based on genes differentially expressed in the hippocampus of WARs. (A; B) Upregulated 
pathways and biological processes. (C; D) Downregulated pathways and biological processes. 
Pathways and Biological processes were ranked based on P-value, and the bars represent the 






Supporting figure S1. The figure depicts the Real-Time PCR data of the selected genes, chosen 
based on the microarray experiments. White-bars: control hippocampus, black-bars: WAR 
hippocampus; dotted-bars: control corpora quadrigemina, striped-bars: WAR corpora 








8.2 Anexo II – Protocolo do comitê de ética 
 
 
